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ABSTRACT 
 
 Emerging markets for cellulosic bioenergy feedstocks provide opportunities for 
implementing soil conservation practices that restore soil carbon (C) stocks within 
agricultural landscapes. Conservation strategies—including conversion to no-till, using 
cover crops, and establishing perennial vegetation—alter belowground C cycling 
processes and increase soil C storage through protection of soil organic matter (SOM). 
In particular, marginal sites less suited for conventionally tilled annual row crops are 
being targeted as appropriate locations for conversion to perennial bioenergy crops. 
However, the effects of topography and variations in soil properties on belowground C 
cycling processes remain largely unknown. The goal of this research is to quantify 
impacts of variation in topography and edaphic conditions on mechanisms driving short-
term (three years) soil C pools under bioenergy crops. I address this goal through studies 
conducted as part of the Landscape Biomass Project, located in Boone County, IA, using 
three bioenergy cropping systems (switchgrass, continuous corn, and triticale /sorghum 
double crop) replicated across five landscape positions along a topographic gradient. 
Measurement of annual root productivity of cropping systems showed the highest 
productivity in switchgrass, while continuous corn was the lowest. Annual cropping 
systems showed no response to topography or soil properties. Switchgrass productivity 
was lowest on the floodplain and increased with higher soil sand content, suggesting 
model predictions of root production may be improved by incorporating information on 
soil texture. Over three years, soil aggregation changes were positive, and were highest 
under switchgrass. However cropping system effects on aggregation differed between 
landscape positions. Although total soil C stocks did not change, C physically protected 
within soil aggregates increased along with unprotected C pools, suggesting that 
adoption of no-till and conversion to perennial switchgrass increases stored C pools; 
increases in both pools were greatest under switchgrass. Structural equation modeling of 
C cycling processes revealed variation in soil properties influenced changes in 
aggregation and root C inputs, which affected shifts in soil C pools over time. Contrary 
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to previous studies indicating the primary importance of roots and root-associated 
microbes, these results indicate that soil properties are the main drivers for change in soil 
C pools over landscapes. 
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CHAPTER 1. 
 
GENERAL INTRODUCTION 
 
Soil organic matter (SOM) is central to the functioning of many ecosystems, improving 
the soil’s capacity for provisioning such ecosystem services such as clean water, nutrient 
cycling necessary for productive soils, and mitigating rising atmospheric CO2 levels (Lal 
et al., 1998).  The conversion of natural ecosystems to agricultural production has caused 
reductions in SOM levels, significantly decreasing many ecosystem functions, including 
terrestrial carbon (C) storage (Houghton et al., 2006).  Losses of soil organic C (SOC) 
are estimated to be from 25-75% in cultivated soils of temperate regions (Lal, 2004), 
producing a deficit that represents a potential to store C in soil with adoption of 
appropriate land-use practices such as adoption of reduced- or no-till practices (West and 
Post, 2002), use of cover crops (Steele et al., 2012), or conversion to perennial 
vegetation (Gou and Gifford, 2004).  Perennial biomass crops grown on agricultural 
lands have substantial potential to store SOC (Robertson et al., 2011) through impacts on 
belowground C cycling (Anderson-Teixeira et al., 2013), while further reducing GHG 
emissions from reduced energy and fertilizer inputs needed (Tilman et al., 2006).  Under 
perennial vegetation, enhanced C allocation belowground (Liebig et al., 2005) increases 
SOC within soil aggregates (Grandy & Robertson, 2007), particularly in SOM occluded 
within aggregates (Cambardella and Elliott, 1993).  Lal (2002) estimates that up to 70% 
of the historical loss of SOC can be recovered through adoption of appropriate land 
management strategies in U.S. croplands; in temperate agroecosystems this may result in 
gains of 10 – 100 g C m-2 yr-1 (Post & Kwan, 2000). 
Sites where crop production may be limited due to edaphic or topographic 
constraints—so called ‘marginal lands’—are receiving attention for bioenergy 
production (Gelfand et al., 2013).  Targeting highly erodible slopes, flood-prone sites, 
and nutrient-poor soils for perennial bioenergy crops within otherwise productive 
landscapes is one mechanism to store additional soil C and increase the provisioning of 
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ecosystem services while maintaining harvestable crops (Schulte et al., 2006).  However, 
the expected differences in rates of C accrual and impacts on the underlying mechanisms 
controlling soil C storage across soil conditions representative of the spectrum between 
marginal and productive soils are largely unknown, particularly considering the 
numerous bioenergy cropping systems available to agricultural producers. Quantifying 
these impacts is essential for calibrating process-based models and scaling results to 
obtain regional and global estimates of C storage potential for bioenergy feedstock 
production (Brown et al., 2010).  
The goal of my dissertation was to help fill the knowledge gap of how variation 
in topography and edaphic conditions impacts ecosystem processes affecting the C 
storage potential of bioenergy cropping systems. The central hypothesis of this research 
is that landscape-scale heterogeneity—specifically, topographic and edaphic variation—
has significant impacts on belowground C allocation and the mechanisms important for 
the stabilization of soil aggregates and the physical protection of SOM. Furthermore, I 
hypothesized that rates of soil C storage resulting from increased aggregation would 
depend on cropping system through impacts of belowground biomass production and 
soil C inputs. I used a combination of field- and laboratory-based methods to quantify: 1) 
variation in soil properties across five landscape positions situated across a topographic 
gradient, 2) annual soil C inputs and root characteristics of three bioenergy cropping 
systems, and 3) short-term (three year) changes in soil aggregation and unprotected and 
physically-protected soil C pools. Additionally, I used structural equation modeling, a 
quantitative statistical framework for analyzing causal hypotheses in complex network 
relationships. Specifically, for estimating the influence of soil properties on the 
mechanisms promoting changes in soil C pools at landscape scales. 
Dissertation organization 
This dissertation is composed of a general introductory chapter, one paper that was 
written as an educational publication in a peer-reviewed, open access science library, 
three papers targeted for publication in scientific journals, and a chapter summarizing 
conclusions and possible future work. This chapter consists of an overview of my 
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dissertation research, providing background information and the rational and 
significance of the goals of this research. Chapter 2 is written as a general introduction to 
concepts important for understanding soil C storage and its importance for the global C 
cycle and climate change. Chapter 3 evaluates the impacts of topography and soil 
properties on annual root productivity of three bioenergy cropping systems, with a focus 
on the implications of these results for scaling root productivity data beyond fine scales. 
Chapter 4 quantifies the impact of topography and bioenergy cropping systems on short-
term changes in soil aggregation, aggregate-associated C contents, and concomitant 
shifts in physically protected and unprotected SOM pools. Chapter 5 provides a 
synthesis of the influences of variation in soil properties across a topographic gradient on 
mechanisms leading to changes in soil C pools over time. This chapter uses structural 
equation modeling to elucidate causal relationships among soil conditions, root 
characteristic, aggregate changes, and fluctuations in physically protected and 
unprotected SOM. Chapter 6 concludes with general insights gained from this research. 
Data acquisition, statistical analyses, and the preparation of the text were the 
responsibility of the candidate; Dr. Lisa Schulte Moore and Dr. Randall Kolka gave 
guidance and editorial advice on all chapters.  In addition, several of my dissertation 
committee members (Dr. Cynthia Cambardella and Dr. Kirsten Hofmockel) provided a 
combination of project guidance, advice on field and laboratory methodology, and 
editorial advice; all appear as co-authors on various chapters that have been or will be 
submitted for publication in scientific journals. 
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CHAPTER 2. 
 
SOIL CARBON STORAGE 
A manuscript published in Nature Education 
Todd A. Ontl and Lisa A. Schulte 
 
Article preview 
Soil carbon (C) storage is a vital ecosystem service, resulting from interactions of 
ecological processes.  Human activities affecting these processes can lead to C loss or 
improved storage. 
Introduction 
Organic matter is a key component of soil that affects its physical, chemical, and 
biological properties, contributing greatly to its proper functioning on which human 
societies depend.   Benefits of soil organic matter (SOM) include improvement of soil 
quality through increased retention of water and nutrients, resulting in greater 
productivity of plants in natural environments and agricultural settings.  SOM improves 
soil structure and reduces erosion, leading to improved water quality in groundwater and 
surface waters, and ultimately to increased food security and decreased negative impacts 
to ecosystems.  Since the beginnings of recorded history, societies have understood that 
human activities can deplete soil productivity and the ability to produce food (McNeill 
and Winiwarter 2004). Only in recent history has the understanding of soil productivity 
been tied to SOM levels, with the depletion of SOM stocks often leading to large-scale 
impacts on whole ecosystems as well as the entire planet.  For example, destruction of 
rainforests that hold a significant amount of the C stored in terrestrial ecosystems 
contributes significantly to rising atmospheric carbon dioxide (CO2) levels linked to 
climate change, while reductions in SOM levels from soil disturbance from mining can 
impact infiltration of rainfall and the storage of soil moisture important for flood 
mitigation.  Soil disturbance also leads to increased erosion and nutrient leaching from 
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soils, which have led to eutrophication and resultant algal blooms within inland aquatic 
and coastal ecosystems, ultimately resulting in dead zones in the ocean (Fig. 1). 
Restoration of organic matter levels in soil requires an understanding of the ecological 
processes important for SOM storage. Proper restoration techniques can help restore 
terrestrial ecosystem functions.  
Fundamentals of soil organic carbon 
Soil organic matter is composed of soil microbes including bacteria and fungi, decaying 
material from once-living organisms such as plant and animal tissues, fecal material, and 
products formed from their decomposition. SOM is a heterogeneous mixture of materials 
that range in stage of decomposition from fresh plant residues to highly decomposed 
material known as humus.  SOM is made of organic compounds that are highly enriched 
in C.  Soil organic C (SOC) levels are directly related to the amount of organic matter 
contained in soil and SOC is often how organic matter is measured in soils.   
SOC levels result from the interactions of several ecosystem processes, of which 
photosynthesis, respiration, and decomposition are key.  Photosynthesis is the fixation of 
atmospheric CO2 into plant biomass.  SOC input rates are primarily determined by the 
root biomass of a plant, but also include litter deposited from plant shoots.  Soil C results 
both directly from growth and death of plant roots, as well as indirectly from the transfer 
of C-enriched compounds from roots to soil microbes.  For example, many plants form 
symbiotic associations between their roots and specialized fungi in the soil known as 
mycorrhizae; the roots provide the fungi energy in the form of C while the fungi provide 
the plant with often-limiting nutrients such as phosphorus.  Decomposition of biomass 
by soil microbes results in C loss as CO2 from the soil due to microbial respiration, while 
a small proportion of the original C is retained in the soil through the formation of 
humus, a product that often gives C-rich soils their characteristic dark color (Fig. 2).  
These various forms of SOC differ in their recalcitrance, or resistance to decomposition.  
Humus is highly recalcitrant, and this resistance to decomposition leads to a long 
residence time in soil.  Plant debris is less recalcitrant, resulting in a much shorter 
residence time in soil.  Other ecosystem processes that can lead to C loss include soil 
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erosion and leaching of dissolved C into groundwater.  When C inputs and outputs are in 
balance with one another, there is no net change in SOC levels.  When C inputs from 
photosynthesis exceed C losses, SOC levels increase over time.   
Photosynthesis, decomposition, and respiration rates are determined partly by 
climatic factors, most importantly soil temperature and moisture levels.  For example, in 
the cold wet climates of the northern latitudes, rates of photosynthesis exceed 
decomposition resulting in high levels of SOC (Fig. 3).  Arid regions have low levels of 
SOC mostly due to low primary production, while the tropics often have intermediate 
SOC levels due to high rates of both primary productivity and decomposition from warm 
temperatures and abundant rainfall.  Temperate ecosystems can have high primary 
productivity during summer when temperature and moisture levels are highest, with cool 
temperatures during the rest of the year slowing decomposition rates such that organic 
matter slowly builds up over time (Fig. 4).  While climatic conditions largely generate 
global patterns of soil C, other factors that vary on smaller spatial scales interact with 
climate to determine SOC levels.  For example, soil texture - the relative proportions of 
sand, silt, and clay particles that make up a particular soil - or the mineralogy of those 
soil particles can have a significant impact on soil C stocks.  Additionally, the processes 
of erosion and deposition act to redistribute soil C according to the topography of the 
landscape, with low-lying areas such as floodplains often having increased SOC relative 
to upslope positions.    
Soil carbon and the global carbon cycle 
The amount of C in soil represents a substantial portion of the C found in terrestrial 
ecosystems of the planet.  Total C in terrestrial ecosystems is approximately 3170 
gigatons (GT; 1 GT = 1 petagram = 1 billion metric tons).  Of this amount, nearly 80% 
(2500 GT) is found in soil (Lal 2008).  Soil C can be either organic (1550 GT) or 
inorganic C (950 GT). The latter consists of elemental C and carbonate materials such as 
calcite, dolomite, and gypsum (Lal 2004).  The amount of C found in living plants and 
animals is comparatively small relative to that found in soil (560 GT).  The soil C pool is 
approximately 3.1 times larger than the atmospheric pool of 800 GT (Oelkers & Cole 
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2008).  Only the ocean has a larger C pool, at about 38,400 GT of C, mostly in inorganic 
forms (Houghton 2007).   
Soil carbon and climate change   
There is a growing body of evidence supporting the hypothesis that the earth’s climate is 
rapidly changing in response to continued inputs of CO2 and other greenhouse gases 
(GHGs) to the atmosphere resulting from human activities (IPCC 2007).  While a suite 
of GHGs exist (e.g., N2O, CH4), CO2 has the largest effect on global climate as a result 
of enormous increases from the preindustrial era to today. Atmospheric CO2 
concentrations have risen from approximately 280 parts per million (ppm) prior to 1850, 
to 381.2 ppm in 2006 (WMO 2006), with a current annual increase of 0.88 ppm (3.5 GT 
C yr-1) (IPCC 2007).  Approximately two-thirds of the total increase in atmospheric CO2 
is a result of the burning of fossil fuels, with the remainder coming from SOC loss due to 
land use change (Lal 2004), such as the clearing of forests and the cultivation of land for 
food production (Fig. 5).   
While the C released to the atmosphere through deforestation includes C emitted 
from the decomposition of aboveground plant biomass, C levels in the soil are also 
rapidly depleted from the decomposition of SOM.  The decomposition of SOM is due to 
the activity of the microbial decomposer community in the absence of continual rates of 
C input from the growth of forest vegetation, as well as increased soil temperatures that 
result from warming of the ground once the forest canopy has been removed.  Although 
this soil C loss has contributed to increased CO2 levels in the atmosphere, it also is an 
opportunity to store some of this C in soil from reforestation. 
Despite the much larger size of the oceanic C pool relative to the soil C pool, the 
rate of exchange between the atmosphere and the soil is estimated to be higher than that 
between the atmosphere and the ocean.  Current estimates are that C inputs from 
photosynthesis by terrestrial vegetation fixes more C than C loss through soil respiration, 
resulting in a soil storage rate of about 3 GT C yr-1.  Oceanic C flux rates suggest oceans 
store about 2 GT C yr-1 despite occupying a vastly larger proportion of the earth’s 
surface.  Although there is interest in increasing oceanic C storage rates through large-
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scale nutrient additions, there is skepticism towards this approach due to the unknown 
consequences on global nutrient cycles and marine ecosystems (Cullen & Boyd 2008).  
The goal of increased storage of C in soil has received much wider acceptance due to a 
better understanding of the processes involved in SOC storage, more direct control of 
these processes through human activities, and the other known ecosystem benefits to be 
obtained by increasing SOC, including benefits to water quality and increased food 
security.  
Soil carbon sequestration 
Soil C sequestration is a process in which CO2 is removed from the atmosphere and 
stored in the soil C pool.  This process is primarily mediated by plants through 
photosynthesis, with C stored in the form of SOC.  In arid and semi-arid climates, soil C 
sequestration can also occur from the conversion of CO2 from air found in soil into 
inorganic forms such as secondary carbonates; however, the rate of inorganic C 
formation is comparatively low (Lal 2008).   
Since the industrial revolution, the conversion of natural ecosystems to 
agricultural use has resulted in the depletion of SOC levels, releasing 50 to 100 GT of C 
from soil into the atmosphere (Lal 2009).  This is the combined result of reductions in 
the amount of plant roots and residues returned to the soil, increased decomposition from 
soil tillage, and increased soil erosion (Lemus & Lal 2005).  Depletion of SOC stocks 
has created a soil C deficit that represents an opportunity to store C in soil through a 
variety of land management approaches.  However, various factors impact potential soil 
C change in the future, including climatic controls, historic land use patterns, current 
land management strategies, and topographic heterogeneity.  
Continued increases in atmospheric CO2 and global temperatures may have a 
variety of different consequences for soil C inputs via controls on photosynthetic rates 
and C losses through respiration and decomposition.  Experimental work has shown that 
plants growing in elevated CO2 concentrations fix more C through photosynthesis, 
producing greater biomass (Drake et al. 1997).  However, C loss may also increase due 
to increased plant respiration from greater root biomass (Hungate et al. 1997), or from 
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accelerated decomposition of SOM through increased microbial activity (Zak et al. 
2000).  Likewise, increased temperatures may impact the C balance by limiting the 
availability of water, and thus reducing rates of photosynthesis.  Alternatively, when 
water is not limiting, increased temperatures might increase plant productivity, which 
will also impact the C balance (Maracchi et al. 2005).  Increased temperatures may also 
lead to higher rates of SOM decomposition, which may in turn produce more CO2, 
resulting in positive feedbacks on climate change (Pataki et al. 2003). 
At the scale of a watershed or crop field, the C sequestration capacity of the soil 
may be influenced by local controls on ecosystem processes.  Processes such as rainfall 
infiltration, soil erosion and deposition of sediment, and soil temperature can vary on 
local scales due to landscape heterogeneity—all of which affect C input and C loss rates 
(Fig. 6), resulting in differences in SOC contents along topographic gradients 
(Thompson and Kolka 2005).  For example, slope position impacts soil moisture and 
nutrient levels, with subsequent impacts on the root growth of plants that may have 
consequences for soil C (Ehrenfeld et al. 1992).  The combined effects of changes in C 
inputs and losses from land use, land management, and landscape-level effects on C 
input and loss rates result in variation in the C sequestration capacity across landscapes. 
C sequestration potential may be determined by an understanding of both the 
historic SOC stocks under natural vegetation prior to conversion to other uses and the 
influences of those land uses on C loss.  Land uses and management that reduce C inputs 
or increase losses compared to natural vegetation result in reductions in SOC over time, 
creating a soil C deficit relative to the C levels that previously existed in the soil.  This 
deficit represents an opportunity to store C from conversions in land use and 
management when those changes result in either increased inputs or decreased losses of 
C.  For example, reforestation or grassland restoration on a former crop field can reduce 
the C deficit caused from years of agricultural production and sequester C through 
higher root productivity compared to crops.  Likewise, the creation of wetlands and 
ponds can sequester large amounts of C because decomposition is greatly reduced in 
waterlogged soils from lack of oxygen; this can actually result in C gains that exceed the 
  
 
11
deficits resulting from past land use.  Other management practices such as irrigation of 
pasture or rangelands may also increase C levels beyond historic SOC stocks if C inputs 
under new management greatly exceed levels under natural conditions. The effect of 
land management on SOC levels, especially the impacts of management in agricultural 
settings, is the subject of much current research (Table 1).  These changes in soil C, 
however, typically take many decades to occur, making actual measurements of changes 
in SOC stocks difficult. 
Conclusion 
SOC is a vital component of soil with important effects on the functioning of terrestrial 
ecosystems.  Storage of SOC results from interactions among the dynamic ecological 
processes of photosynthesis, decomposition, and soil respiration. Human activities over 
the course of the last 150 years have led to changes in these processes and consequently 
to the depletion of SOC and the exacerbation of global climate change. But these human 
activities also now provide an opportunity for sequestering C back into soil.  Future 
warming and elevated CO2, patterns of past land use, and land management strategies, 
along with the physical heterogeneity of landscapes are expected to produce complex 
patterns of SOC capacity in soil. 
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Figures 
Figure 1. Summer algal conditions along the US Gulf Coast.  Red indicates high 
concentrations of algae due to nutrients flowing into the Gulf of Mexico, primarily from 
the Mississippi River basin.  (Courtesy of
Scientific Visualization Studio)
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inputs in agricultural systems. 
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Figure 2. Carbon balance within the soil (brown box) is controlled b
photosynthesis and carbon losses by respiration.  Decomposition of roots and root 
products by soil fauna and microbes produces humus, a long
 
 
    
Figure 3.  World map showing the quantity of SOC to 1 m depth.  (Courtesy of USDA 
Natural Resources Conservation Service)
 14
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Figure 4.  Dark colored topsoil showing high levels of SOC due to abundant plant roots 
and their associated soil fauna and microbes in a cultivated soil in central Iowa.
 
 
 
Figure 5.  Deforestation around Rio Branco, Brazil.  Light colored areas are where 
rainforest vegetation has been cleared and burned (see smoke plume) for farming and 
cattle ranching. (Courtesy of NASA Earth Observatory)
 15
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Figure 6.  Landscape heterogeneity due to landscape position along a hill slope and 
possible effects on biophysical processe
areas on bars indicate higher rates.
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CHAPTER 3. 
 
TOPOGRAPHIC AND SOIL INFLUENCES ON ROOT PRODUCTIVITY OF 
THREE BIOENERGY CROPPING SYSTETMS 
 
A manuscript published in New Phytologist 
Todd A. Ontl, Kirsten S. Hofmockel, Cynthia A. Cambardella, Lisa A. Schulte, and 
Randall K. Kolka 
 
Abstract 
• Successful modeling of the carbon cycle requires empirical data regarding 
species-specific root responses to edaphic characteristics.  We address this need 
by quantifying annual root production of three bioenergy systems (continuous 
corn, triticale/sorghum, switchgrass) in response to variation in soil properties 
across a toposequence within a Midwestern agroecosystem.  
• Using ingrowth cores to measure annual root production, we tested for the effects 
of topography, cropping system, and 11 soil characteristics on root productivity.  
• Root production significantly differed among cropping systems.  Switchgrass 
root productivity was lowest on the floodplain position, but root productivity of 
annual crops was not influenced by topography or soil properties.  Greater 
switchgrass root production was associated with high percent sand, which 
explained 45% of the variation.  Percent sand was correlated negatively with soil 
carbon and nitrogen and positively with bulk density, indicating this variable is a 
proxy for multiple important soil properties. 
• Our results suggest that easily measured soil parameters can be used to improve 
model predictions of root productivity in bioenergy switchgrass, but the edaphic 
factors we measured were not useful for predicting root productivity in annual 
crops.  These results can improve carbon cycling modeling efforts by revealing 
the influence of cropping system and soil properties on root productivity.  
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Introduction 
Root production plays a key role in ecosystem carbon (C), nutrient, and water cycling; 
yet, scientific understanding of variability in root productivity over heterogeneous 
environmental conditions is not well developed (Pritchard & Rodgers, 2000; Franklin, 
2005).  Characterizing spatial variation of root production is necessary for more precise 
estimates of C flux within a system (Harmon et al., 2007), and serves to reduce 
uncertainty in ecosystem nutrient budgets (Lehrter & Cebrian, 2010; Yanai et al., 2010).   
Moreover, knowledge of the impacts of environmental drivers on variation in root 
production is critical for up-scaling measurements of primary production and 
biogeochemical processes to predictions over landscapes, regions, and the globe (Turner, 
2005)—scales meaningful to on-going national and international discussions regarding 
climate and energy policies. 
Improving our understanding of the impacts of bioenergy production on broad-
scale carbon and nutrient cycling is paramount for the development of a sustainable 
bioeconomy (Jordan et al., 2007), yet scaling root productivity estimates of agricultural 
cropping systems beyond plot scales poses significant challenges to researchers. 
Whether crops grown for bioenergy are annual or perennial will influence the 
biogeochemical cycling and the overall potential ecological benefit of these systems 
(Robertson et al., 2011).  The realized improvements in ecosystem functioning of these 
contrasting approaches may also differ with location in the landscape (Dale et al., 2011; 
Gelfand et al. 2013) according to variation in edaphic conditions such as soil physical 
properties and nutrient levels.  For the development of cellulosic bioenergy to meet the 
dual goals of high energy output and reductions in greenhouse gas emissions, an 
understanding of how root inputs associated with bioenergy feedstocks vary in response 
to topographic and soil heterogeneity is needed (Taubert et al., 2012). 
Past work on the response of root growth to variation in soil properties at 
multiple spatial scales provides a foundation for this study.  At broad scales, statistical 
models have the potential to improve our understanding of root productivity based on 
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environmental variables such as mean annual temperature, aboveground biomass, and 
broad-scale patterns in soil nutrients (Gill et al., 2002).  For example, Yuan and Chen 
(2012) evaluated the response of root productivity to soil nutrients within 410 forests and 
grasslands distributed worldwide.  Their cross-ecosystem analysis showed soil type and 
soil chemistry as having the strongest explanatory power, respectively explaining 28% 
and 22% of the variation in root production; among soil chemistry variables, root 
production increased in response to increasing nitrogen (N), phosphorus (P), pH, and C.  
Such broad-scale pattern-process relationships, however, are the aggregate of root 
productivity responses to soil heterogeneity patterns at finer scales.  
At the scale of an individual plant, roots generally respond to heterogeneity of 
soil resources by proliferating into nutrient patches (Fitter, 1987), given adequate soil 
moisture.  However, this response is dependent on the plant species and nutrient 
demands or limitations (Hodge, 2004).  Increasing silt and clay content affects the level 
of soil bulk density that restricts root growth of annual crops (Jones, 1983; Unger & 
Kaspar, 1994) through impacts on soil strength and water potential (Dexter, 2004).  
Improved soil physical quality (e.g. decreased bulk density, increased porosity, and soil 
organic matter (SOM) content) manifests as increased aeration and water infiltration, 
reduced soil compaction, and increased root penetration and growth (Dexter, 2004).   
While fine-scale plant-soil relationships provide a mechanistic understanding of 
root production, scaling information from individual plants to broad spatial extents such 
as landscapes, regions, and continents requires knowledge of pattern-process 
relationships at intermediate scales (10s – 1,000s m2) (Peters et al., 2007). Soil 
properties have been shown to be spatially variable across fields and watersheds, 
corresponding to intermediate scales (Cambardella et al., 1994; Garten et al., 2007).  
Variation in edaphic properties can be linked to differences in soil type related to 
topography (Burke et al., 1989; Cambardella et al., 2004), which can influence the 
productivity of annual crops.  For example, variation in topsoil depth at field-scales 
significantly affects grain yields of corn (Zea mays) (Jagadamma et al., 2009), while 
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SOM levels influence crop performance of corn across landscape positions in an 
agricultural watershed (Stott et al., 2011).  
Given the considerable plasticity of root systems to differing soil conditions, 
stand-level root productivity is predicted to vary with field-scale soil heterogeneity 
(Pritchard & Rogers, 2000), with significant implications to up-scaling C flux estimates.  
This prediction, however, has not been tested across soil conditions relevant to models 
addressing landscape to regional patterns and processes within agroecosystems.  
Additionally, the relative root productivity responses of annual and perennial herbaceous 
bioenergy crops to soil properties has not been investigated (Pritchard & Rodgers, 2000), 
limiting our ability to parameterize models focused on understanding impacts of land-
use changes from bioenergy production necessary for modeling global C and N cycles. 
Because these two groups—annual crop and herbaceous perennial species—are adapted 
to different growth environments, annual and perennial species may have differing 
strategies for allocating C belowground in heterogeneous environments (Eissenstadt & 
Yanai, 1997), analogous to differences in strategies observed for aboveground 
productivity.  Accurate quanitification of such differences in belowground root 
production is necessary for scaling the effects of bioenergy cropping systems to 
landscape or regional scale C cycling models. 
At present, estimates of C cycling impacts from bioenergy are limited by sparse 
data on soil C inputs from root production.  Particularly lacking are side-by-side 
comparisons of root production from the suite of candidates under consideration for 
bioenergy crops (US DOE, 2011) and from across environmental gradients 
representative of the agroecosystems these crops may be grown within (Cambardella et 
al., 2004).  We developed our study to partially fill this knowledge gap.  In this study, 
we measured the response of root productivity associated with three bioenergy cropping 
systems arrayed across a topographic gradient with variation in soil conditions 
representative of landscape-scale variation commonly found within agroecosystems.  
Our objective for this study was to evaluate the effect of cropping systems and soil 
properties on root production, under the assumption that soil properties vary in 
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association with topography.  Specifically, we hypothesized that root dynamics would 
vary by cropping system and landscape position across a hillslope.  Alternatively, should 
landscape position alone may not provide sufficient resolution to adequately predict 
differences in root dynamics, we predicted variability in root productivity, either within 
each cropping system or between annual and perennial species, would relate to 
differences in a suite of soil properties.  
Materials and Methods 
Site Description 
The study was conducted as part of the Landscape Biomass Project, located at Iowa 
State University’s Uthe Research and Demonstration Farm in Boone County, Iowa, USA 
(41°55’N 93°45’W).  The experiment consists of a randomized complete block design 
with five bioenergy cropping systems replicated three times within five blocks.  Blocks 
are located on five landscape positions across a topographic gradient from 325-m to 305-
m elevation.  Landscape positions were defined by position along the hillslope according 
to slope characteristics.  Plots measuring 0.05 ha were established in fall 2008 within a 
35-ha field previously managed for annual row-crop production according to a corn-
soybean rotation for many decades.  Portions of plots located on the floodplain position 
were under perennial vegetation prior to plot establishment; these portions were 
delineated prior to the study and avoided during sampling.  Soil series included two 
Mollisols; Clarion soils are found on all landscape positions but the floodplain, which 
had Coland series (Table 1). Lesser amounts of Nicolett, Spillville and Zenor soils are 
also found on site.  Mollisols are typical of the temperate humid grasslands native to the 
mid-latitude region of North America.  All soil series have high cation exchange 
capacity relative to clay content and consist of mixed mineralogy.  
Three cropping systems were evaluated in this study, including switchgrass 
(Panicum virgatum L., cultivar: “Cave-In-Rock”), continuous corn (Zea mays L.), and a 
triticale /sorghum double crop.  The double crop system involves the seeding of a winter 
annual crop (triticale, x Triticosecale Wittm.) in the fall following the harvest of 
sorghum (Sorghum bicolor L. Moench).  Nitrogen fertilization was based on nutrient 
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demands of crops and harvest removal rates; in 2011 corn, sorghum, switchgrass, and 
triticale were fertilized at a rate of 150, 120, 120, and 30 kg urea-N ha-1, respectively.  
All plots received 56 kg P2O5 ha-1and 112 kg KCl ha-1 of Triple Super phosphate, and 
were managed as no-till.  Precipitation for the 2011 growing season from 1 April to 31 
October at the site totaled 644 mm, the 20-yr average for the same time period was 662 
mm, measured from a long-term climate station located 1.5 km from the research site.  
Average daily temperatures based on 20 years for data were within the range observed 
for the period of the study (Supplementary information, Figure S1). 
Root productivity  
Annual root production was measured during the 2011growing season through the use of 
root ingrowth cores (Steingrobe et al., 2001) to 30-cm soil depth in each plot for the 
three cropping systems studied.  In general, ingrowth methods are thought to be a 
conservative estimate of root production compared to other methods such as 
minirhizotron systems and elemental budgets (Hendricks et al., 2006; Milchunas et al., 
2009).  Root production estimates can be biased due to proliferation of root growth into 
root-free soil that may differ chemically and structurally from bulk soil outside of cores, 
affecting soil moisture or nutrient dynamics (Milchunas et al., 2009).  Additionally, bias 
may be introduced due to either differential root turnover rates among species or effects 
on root growth of perennial species (both positive and negative), due to root severing 
during collection of the initial core.  However, ingrowth cores can serve as a useful 
method for comparison across treatments such as landscape position or heterogeneous 
edaphic conditions when bias is uniform within a cropping system, (Harmon et al., 2007; 
Milchunas et al., 2009).  
Ingrowth cores consisted of 64-mm diameter polypropylene mesh tubes (no. 4 
mesh) with polypropylene mesh (no. 12 mesh) sown to the tube bottom.  Ingrowth core 
installation involved the collection of a 64-mm diameter soil core to 30 cm depth, 
sieving (5-mm mesh size) to remove roots, and filling the mesh tube with the root-free 
soil before placing the ingrowth core into the resulting hole.  Three cores per plot were 
used to estimate root productivity in all annual row-crops (continuous corn, sorghum, 
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and triticale).  Timing of installation and removal of ingrowth cores within plots was 
dependent on crop phenology.  Ingrowth cores were installed in annual row-crops within 
one week of seed germination.  One core was located within a row for every three cores 
located between rows to reduce bias of root measurements in row crops (Buczko et al., 
2009).  Root productivity of the triticale/sorghum cropping system was determined by 
summing the root production of each crop.    
Switchgrass plots were in the third year of production (planted in spring 2009) 
and were considered near full maturity (Garten et al., 2010); therefore all locations for 
ingrowth cores were randomly assigned due to the lack of uniform plant spacing.  Two 
sets of three ingrowth cores were installed in each switchgrass plot due to the longer 
period of growth of the crop and to reduce error in ingrowth estimates from root turnover 
and decomposition.  Switchgrass is harvested following the first hard frost to ensure 
translocation of N into roots (Wilson et al., 2012); therefore the first set of cores was 
deployed in early November 2010 after harvest of the crop.  Ingrowth cores were 
removed during the first week of July 2011, after which the second set was installed in 
new random locations.  The second set of cores was removed within three days 
following harvest of switchgrass during the first week of November 2011.  To compare 
patterns of C allocation, aboveground switchgrass biomass production was determined 
by clipping plant material within a 1-m2 quadrat prior to harvest.  Plant material was 
dried at 65 °C and weighed.  Additionally, soil cores were collected in switchgrass to 
estimate the standing crop of root biomass.  Three soil cores were randomly collected 
from within plots with a 32-mm soil probe (Clements Associates, Newton, IA) during 
the last week of July at the estimated time of maximum standing crop root biomass, 
based on the timing of switchgrass flowering.   
After removal from the field, all ingrowth and standing crop soil cores were 
stored at 4 °C for no more than seven days before processing to isolate root biomass.  
Soil was washed from roots over 250 µm mesh, and all material remaining on the mesh 
was dried overnight at 60 °C and then stored at room temperature.  Sand and debris was 
hand-sorted from root material in deionized water, and all roots irrespective of root 
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diameter were recovered by filtering cleaned samples through 250 µm mesh.  All 
belowground biomass was recovered from ingrowth cores, including roots and rhizomes.  
For standing crop soil cores, dead roots and crown nodes (if present) were removed and 
only live roots and rhizomes were included.  Following drying overnight at 60 °C, 
remaining debris was removed from dried root samples by hand sorting prior to 
weighing.   
Soil characteristics 
Eleven soil properties frequently used as indicators of soil chemical, physical and 
biological functioning (Doran & Parkin, 1994) were evaluated (Table 2).  Eight of the 
analyses were assessed using samples consisting of five soil cores collected within each 
plot to 20 cm depth on 28 Oct 2009 and composited into a single sample.  Field-moist 
samples were sieved with an 8-mm sieve, and half the sample was further passed 
through a 2-mm sieve.  Samples were then air dried at room temperature to a consistent 
weight.  Soil biological characteristics were determined for 8-mm sieved soil, and 
included soil aggregation and particulate organic matter (POM) content.  Aggregates 
were isolated by wet sieving air-dried soil (Elliot, 1986) and aggregate geometric mean 
diameter (GMD) was calculated (Kemper & Rosenau, 1986) because aggregate size 
distributions are generally log-normally distributed (Gardner, 1956).  Particulate organic 
matter (Cambardella & Elliot, 1992) was isolated from aggregate fractions and 
quantified by loss-on-ignition according to Cambardella et al. (2001) and summed to 
estimate total POM.  Soil chemical analyses were performed on the 2-mm sieved soil 
and included soil organic carbon (SOC), total N, P, K, and pH.  Soil organic C and total 
N were measured using a TruSpec Micro CHNS elemental analyzer (LECO Corporation, 
St. Joseph, MI). Soil P and K were measured using Mehlich-3 extractions (Mehlich, 
1984) and analyzed using inductively coupled plasma optical emission spectroscopy 
(IRIS Intrepid ICP-OES, Thermo Scientific, Pittsburgh, PA). Soil pH (Thomas, 1996) 
was measured on 1:1 deionized water:soil slurries from 50-g subsamples (Orion 
PerpHect 320, Thermo Scientific, Pittsburgh, PA).  Soil physical characteristics included 
determination of particle size distribution, bulk density, saturated hydraulic conductivity, 
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and measurement of the depth of the A horizon.  Soil sand percentage was determined 
from particle size analysis on 2-mm sieved soil (10-g subsamples) using the pipette 
method (Kettler et al., 2001).  Bulk density was measured using oven-dried soil mass 
and the sample field volume (Blake and Hartge, 1986) averaged from three samples per 
plot.  Within each plot, saturated hydraulic conductivity was measured (n=3) in the top 
10 cm of soil using a permeameter (Precision Permeameter, Johnson Permeameter LLC, 
Fairfax, VA) to estimate water infiltration rates.  Average depth of the soil A horizon 
was determined from two 5-cm diameter soil cores collected to 120-cm depth in each 
plot using a Giddings Soil Probe (#15 Series, Giddings Machine Company, Windsor, 
CO).  Soil cores were described according to Schoeneberger et al. (2002), including 
delineation of soil horizons.  
Statistical analyses 
Data were transformed to meet assumptions of normality when necessary.  Root 
production and above- and belowground biomass were analyzed using mixed-model 
analysis of variance (ANOVA), with either cropping system or landscape position as 
fixed effects and replicates treated as a random effect.  Comparisons of means were 
analyzed with Tukey HSD post-hoc tests.  ANOVA analyses were performed using SAS 
statistical software (SAS 9.3, SAS Institute Inc., Cary, NC).  Dissimilarity analysis of 
soil quality variables among landscape positions was performed using Multiple 
Response Permutation Procedure (MRPP) analysis with euclidean distances in the 
Vegan package (Oksanen et al., 2012) in R (R Core Team, 2012; version 2.15.1).  Due 
to significant collinearity among soil parameters, soil variables used for multiple linear 
regression analyses were determined using maximum likelihood exploratory factor 
analysis with VARIMAX rotation in R.  The optimal number of factors chosen was 
determined using parallel analysis in the nFactor package (Raiche & Magis, 2010).  For 
each factor chosen, one variable is selected with the highest loading to represent that 
individual factor to establish a reduced variable set (Dormann et al., 2012).  Multiple 
linear regression was used for predicting root productivity from soil quality variables, 
using the best subsets selection criteria based on Aikaike’s Information Criterion 
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adjusted for small sample sizes (AICc) using SAS statistical software.  Condition index 
was used as a diagnostic measure to quantify the severity of collinearity of selected 
models, with threshold values or greater than 30 indicating critical severity of 
collinearity (Belsley et al., 1980).  Model parameters were considered significant at 
P<0.05.   
Results 
Cropping system and topographic effects 
Annual root production was significantly different among all three cropping systems (F= 
37.2, P<0.0001), suggesting that bioenergy cropping system can serve as a good 
predictor for scaling estimates of root production to landscapes.  Averaged across 
landscape positions, switchgrass had significantly higher root production (280 g m-2) 
than either of the annual cropping systems, producing twice as much root biomass as the 
continuous corn system.  Additionally, triticale/sorghum had significantly greater root 
productivity at 171 g m-2 compared to 139 g m-2 for continuous corn.  
Landscape position was generally a poor predictor of root productivity.  
Although not significant at the P=0.05 level, root production averaged across all 
cropping systems showed a trend towards being influenced by landscape position 
(F=2.33, P=0.061), largely due to the influence of the switchgrass cropping system.  For 
the annual cropping systems, variability of root production was high within landscape 
positions (Fig. 1); therefore, we were unable to detect any significant effects of 
landscape position (F=0.29, P=0.882, corn; F=0.26, P=0.90, triticale/sorghum).  For the 
perennial switchgrass system, landscape position did not impact aboveground biomass 
(F=2.47, P=0.112, data not shown), but did significantly influence annual root 
production (F=4.56, P=0.004; Table 3) due to lower productivity on the floodplain 
position (Fig. 1).  The highest productivity was observed on the toeslope, summit and 
shoulder, which averaged 43% greater root production compared to the floodplain.  
Mean root productivity on the backslope position was lower than observed on the 
summit, shoulder, and toeslope; however these differences were not significant due to 
the high variability of the data and low sample size, which may have increased the 
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chances type II errors.  Additionally, regression analysis showed aboveground biomass 
of switchgrass was not significantly correlated to root production (F=0.01, P=0.449, data 
not shown), suggesting that reductions in root production in the floodplain were not 
coincident with a decrease in aboveground primary production but rather a decrease in C 
allocation to belowground productivity.  Likewise, the standing crop root biomass of 
switchgrass did not differ across the toposequence after adjusting for multiple 
comparisons (Table 4), although prior to adjustment the overall test indicated root 
biomass was lower in the toeslope and floodplain relative to the summit and shoulder 
(F= 2.89, P=0.036).  
Multiple response permutation procedure analysis indicated a significant 
difference among landscape positions based on analysis of all 11 soil parameters.  
Differences determined through estimation of the chance-corrected within-group 
agreement, which describes the within-group homogeneity compared to the random 
expectation, were significant (A= 0.135, P<0.001).  Dissimilarity among landscape 
positions was larger than within-group dissimilarity among all groups (Fig. 2), 
suggesting that landscape positions were distinct from one another according to the soil 
parameters used in this study (Table 2).  For example, backslope and toeslope were the 
most similar among all the landscape positions, yet the within-group dissimilarity for 
both these positions was lower than their between-group dissimilarity indicating these 
positions were distinct from one another.  Results show floodplain soils were the most 
distinct from other landscape positions, while having the highest within-group similarity.  
Soils on the summit, the only position consisting of three separate soil series (Table 1), 
showed the highest amount of within-group dissimilarity, yet this dissimilarity was still 
lower than among the most similar positions.  Dissimilarity among landscape positions 
was due to differences observed in the individual soil characteristics which varied across 
landscape positions for all but one parameter (Table 2).  Floodplain soils had the most 
differences relative to other positions, with higher SOC, total N, A horizon depth, GMD 
and POM and lower soil sand percentage and bulk density compared to other locations.  
Backslope soils showed lower P and K content compared to other landscape positions, 
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while saturated hydraulic conductivity was lower in the backslope and toeslope soils 
compared to the floodplain.  
 
Identifying predictors of root production 
Multiple linear regression prior to reduction of the set of explanatory variables indicated 
significant collinearity among predictor variables (Supplementary material, Table S1), 
with condition index values of regression models greater than the threshold value of 30 
(Dormann et al., 2012).  Under these conditions, the estimation equation for the 
regression parameters is ill-conditioned, resulting in parameter estimates that are 
unstable due to inflated standard errors.  Maximum likelihood factor analysis was used 
to partition variables into subsets to reduce the number of predictors to eliminate 
collinearity of variables for model selection (Comrey & Lee, 1992).  Four factors were 
found to be optimal based on parallel analysis (Franklin et al., 1995), comprising 69% of 
the total variation of the soil quality.  The most important factor accounted for 30% of 
the variation and represented the soil physical characteristics, with percent sand having 
the highest loading (0.92).  The second factor accounted for an additional 16% of the 
variation, and largely described the soil mineral nutrient content with P and K showing 
the highest loading (0.94 and 0.69, respectively).  Variables related to SOM content 
(GMD and POM; loadings: 0.89 and 0.40, respectively) comprised the third factor, 
explaining an additional 12% of the variation.  Finally, the fourth factor was represented 
solely by saturated hydraulic conductivity (0.97), constituting an additional 11% of the 
variation. 
Factor analysis identified a reduced set of variables for evaluating root 
productivity, including percent sand, P, GMD, and saturated hydraulic conductivity.  
Multiple linear regression analysis across all cropping systems showed percent sand was 
the only significant variable (F= 6.61, P=0.014) affecting root production, explaining 
11% of the variation in the root production data, largely due to the influence of 
switchgrass.  Within cropping systems, percent sand was the only significant predictor 
for switchgrass root productivity (F=11.78, P=0.004), accounting for 45% of the 
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variability of the data (Fig. 3), and no model was significant for root productivity of 
either corn or triticale/sorghum cropping systems. Additional regression on individual 
soil parameters show switchgrass root production was negatively correlated with SOC 
(F=8.71, P=0.011, adjusted R2=0.355) and total N (F=6.85, P = 0.021, adjusted 
R2=0.295) contents, and positively correlated with bulk density (F=5.04, P = 0.043, 
adjusted R2=0.224) (Fig. 3).   
Our results do not lend strong support for the hypothesis that landscape position 
is a useful predictor of root productivity.  Additionally, our alternative hypothesis that 
variability in root production is related to differences in soil properties was not 
substantiated in the annual cropping systems.  However, our results for the switchgrass 
cropping system do support our alternative hypothesis that root production may be 
predicted based on differences in edaphic characteristics.  Furthermore, our results 
suggest that percent sand, an easily measured soil property, may serve as a proxy for 
other important soil variables.   
Discussion 
Environmental heterogeneity often affects drivers of biogeochemical processes, which 
are typically multivariate, influencing pools and fluxes of nutrients across landscapes 
(Turner 2005).  Scaling measurements of complex ecosystems is challenging, requiring 
the reduction of system complexity on the basis of experimental evidence to deduce key 
drivers of processes (Wagenet, 1998; Osmond et al., 2004).  We provide evidence that 
annual and perennial bioenergy cropping systems differ in root productivity, and that 
heterogeneous edaphic conditions impact root production of cropping systems 
differently.  Our findings address the need for empirical data on variability of bioenergy 
crop root production within agroecosystems, necessary for predicting the influence of 
bioenergy production on C cycling dynamics. 
Root productivity of cropping systems 
We observed differences in root production among all cropping systems indicating that 
bioenergy crop serves as a strong predictor of root productivity.  Our results were 
consistent with expectations of relative differences in root production among annual and 
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perennial crops (Schroetter et al., 2005; Anderson-Teixeira et al. 2013).  Although 
biases introduced by ingrowth methodology may make accurate comparisons across sites 
and among species difficult, root production was generally consistent with data reported 
elsewhere: corn root productivity was within the range reported by Russell et al. (2009) 
in Iowa, while belowground production of switchgrass in our study was 13% lower than 
similarly aged switchgrass stands in Tennessee, USA, determined by sequential coring 
(Garten et al, 2010).  Although no studies were found comparing production rates of the 
triticale/sorghum double crop due to the novelty of this cropping system, root production 
was lower than the 220 g m-2 in sorghum reported by Cheng et al. (1990) on Georgia 
Piedmont soils.   
Our findings provide strong empirical evidence that the provisioning of 
environmental benefits derived from bioenergy will in part be dependent on the relative 
use of annual or perennial species across landscapes (Robertson et al. 2011).  High root 
productivity is critical for optimal root:shoot partitioning, a key trait of bioenergy crops 
necessary for sustainable yields (Karp & Shield, 2008).  Boosting belowground 
productivity is critical for increased soil C storage potential of agroecosystems (Ma et al. 
2000; Sartori et al., 2006), a critical component of ecosystem function relative to 
greenhouse gas emissions (Anderson-Teixeira & DeLucia, 2011).  Our results support 
other studies that suggest maximizing the environmental benefits of belowground C 
cycling from bioenergy require using perennial feedstocks such as switchgrass 
(Anderson-Teixeira et al., 2013).  
Topographic and edaphic impacts on root productivity 
Landscape position classification based on terrain attributes can aid in determining 
locations where variation is important for scaling key ecosystem processes.  Analysis of 
soil characteristics has been used as an indicator of landscape position differences in soil 
conditions (Ovalles & Collins, 1986).  We found landscape positions were distinct, 
suggesting the edaphic conditions roots were exposed to differ along the toposequence.  
Compared across the toposequence, variability of soil parameters within landscape 
positions was significantly less than among positions (Fig. 3).  The effects of topography 
  
 
31
on soil properties are well documented, with typically strong relationships between 
topography and both SOC and N at field scales (Schimel et al., 1985; Wood et al., 1990; 
Senthilkumar et al., 2009), largely due to soil redistribution (Pennock et al., 1994).  
Similar to these studies, soil parameter patterns at our site showed higher SOC, total N, 
soil aggregation, and POM in the floodplain, along with decreased bulk density and 
percent sand.  Erosion changes A-horizon thickness (Pennock et al., 1994) and results in 
the loss of fine soil particles, especially clays (Lance et al., 1986). Our data show 
infiltration rates and soil P and K content were lower in sloped areas of the 
toposequence, similar to previous studies (Gburek & Sharpley, 1998; Elliot & Efetha, 
1999).   
Effective modeling of nutrient cycles across landscapes requires empirical data 
on spatial variation in root responses (Pritchard and Rodgers, 2000); considering societal 
expectations for the sustainability of bioenergy, species-specific responses may be 
particularly important.  We hypothesized that root productivity of bioenergy cropping 
systems would show differences across the toposequence from the distinct edaphic 
conditions associated with landscape position.  Contrary to our expectations, landscape 
position did not affect root production in either corn or triticale/sorghum cropping 
system.  High variability of root production may partly be due to patchy distribution of 
annual row crop rhizospheres (Buckzo et al., 2009), making detection of differences 
across the toposequence more challenging than in perennial systems.  Switchgrass root 
production in our study was lower in the floodplain than in other landscape positions 
(summit, shoulder, and toeslope).  Switchgrass aboveground biomass did not change 
across landscape positions and was not correlated with root production (data not shown), 
suggesting changes in root production on the floodplain were not due to a decrease in 
overall productivity, but to decreased C allocation to roots.   
Root productivity has been shown to respond either positively to nutrient 
concentrations (Drew, 1975), or to decrease (Hunt & Burnett, 1973) as predicted by 
optimal partitioning theory (Bloom et al., 1985); patterns of this response vary among 
species (McCarthy & Enquist, 2007).  Our results show switchgrass root production 
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decreased in the floodplain where nutrient conditions were highest, but we did not detect 
the corresponding increase in aboveground production predicted by optimum 
partitioning theory.  Nadelhoffer (2000) proposed that decreasing C allocation to roots 
with increasing soil nutrients could result from root turnover rates either remaining 
constant or decreasing.  We found no differences in standing crop root biomass of 
switchgrass across landscape positions (Table 4), suggesting root turnover may be either 
remaining constant or decreasing with higher nutrient contents (Nadelhoffer, 2000).  
Thus, while root turnover was not assessed in this study, different root turnover rates 
could explain lower C allocation to roots in switchgrass with increasing soil N in the 
floodplain.  Our results suggest that realized impacts to belowground C storage from 
switchgrass grown for bioenergy might be lower in certain portions of the landscape, 
such as floodplain sites; models based only on C inputs from upland locations may 
overestimate C storage potential.  
In the two annual cropping systems evaluated in this study, soil parameters were 
not significant predictors of root production.  Management impacts can significantly 
affect root production of corn, typically through tillage and crop residue management 
practices that impact soil physical properties such as bulk density, soil moisture, and 
SOM (Barber, 1970).  Our results indicate that either root production in annual crops 
does not respond to soil conditions at the scale measured, or root production is affected 
by variables not quantified in this study.     
Due to the influence of SOM levels on many physical, chemical, and biological 
properties of soil, edaphic factors are often correlated to some extent.  For example, SOC 
content is correlated with high clay contents (Burke et al., 1989) and increased soil 
aggregation, often leading to higher N and P levels (Elliot, 1986).  Our data show similar 
patters (Supporting material, Table S2), necessitating a reduced soil parameter data set to 
model root production.  Multiple linear regression analysis revealed that percent sand 
was the single significant parameter for predicting switchgrass root productivity.  
However, linear regressions with individual soil parameters showed that switchgrass root 
production was also positively correlated with bulk density and negatively associated 
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with indicators of increased soil nutrient content (total N and SOC) (Fig. 4). These 
results support the expectations of a reduced root productivity response to increasing 
nutrient supply based on optimum partitioning theory (Bloom et al., 1985) and cost-
benefit theory (Eissenstat & Yanai, 1997). 
Up scaling root production based in topographic and edaphic conditions 
Linking environmental heterogeneity to ecosystem processes can provide a powerful 
tool for scaling estimates of ecosystem processes (Turner, 2005).  However, there is 
surprisingly little research addressing root production across heterogeneous conditions 
necessary for scaling measurements to fields, landscapes and beyond.  Our study is the 
first we are aware of providing empirical data on the spatial variation of perennial 
herbaceous species or contrasting annual and perennial species essential for predicting 
root production in bioenergy crops across intermediate scales (10s – 1,000s m2).   
A patch-based spatial scaling approach assumes the functionality of landscapes is 
the sum of its component patches (Wu & Levin, 1997), which can be appropriate for 
extrapolating processes based on vegetation and soil characteristics (Zhang et al., 2007).  
Similarly, root production can be linked to patch-based units, such as landscape position, 
which may be useful for scaling purposes. Our results suggest using a patch-based 
approach has limited usefulness for scaling plot-level measurements of root production 
of switchgrass by stratifying landscapes using terrain attributes and soil maps; such an 
approach will not work for annual crops.  Relationships between landscape position and 
switchgrass root productivity can be used to extrapolate root productivity estimates to 
regional scales based on the aerial extent of floodplain and upland soils (sensu Groffman 
et al., 1992). 
Scaling estimates of root production using continuous variation in soil 
parameters have advantages over patch-based scaling approaches.  Many continuous 
variables are easily measured or widely available at high resolutions through soil 
geodatabases, especially in agricultural regions expected to be impacted by bioenergy.  
As we have shown, landscape positions may correlate well with soil parameters such as 
sand content, bulk density, and SOC and N concentrations.  The DAYCENT model has 
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recently been used to predict impacts of bioenergy production on C and greenhouse gas 
fluxes at regional scales (Davis et al., 2012), but currently does not incorporate spatial 
variation in soil parameters such as texture in the plant growth sub-model that 
determines root C inputs (Del Grosso et al. 2001).  Regression equations can be 
integrated into C cycling models (Burke et al. 1990) that predict spatial variation of root 
production using existing spatially explicit soil databases.  The impact will be improved 
model predictions and understanding of the uncertainty therein (Harmon et al. 2007; 
Lehrter & Cebrian, 2010; Yanai et al., 2010). 
Conclusions 
Accuracy in scaling up measurements of ecosystem processes requires linking spatial 
heterogeneity in critical drivers to the variation in responses.  Our study addresses the 
need to provide empirical data on the root production of bioenergy crops across variable 
topographic and edaphic conditions common within agroecosystems.  Our results show 
that root production varied among cropping systems, suggesting cropping system can be 
used as a good predictor over broader spatial scales and that impacts to belowground C 
cycling will be dependent on crop type (Sartori et al., 2006; Anderson-Teixeira et al. 
2013).  While root productivity of annual bioenergy cropping systems was not affected 
by landscape position, root production in switchgrass was lower in the floodplain 
location, suggesting landscape position has some limited predictive value. 
Root production within annual cropping systems was highly variable and could 
not be predicted using edaphic factors.  However, switchgrass root production was best 
predicted with the sand percentage across our site, but also responded positively to bulk 
density and negatively to soil C and N content.  Widely available variables such as soil 
texture delineated in geospatial soil databases may aid in predicting root productivity of 
perennial bioenergy crops for scaling estimates of C and N cycling to landscapes and 
beyond.  Our results indicate that the realized environmental benefits of land-cover 
conversion to bioenergy switchgrass may differ based on variation in soil properties.  
Margin lands not well-suited for annual crop production may be critical for bioenergy to 
be sustainable (Gelfand et al. 2013). Our results further suggest that switchgrass grown 
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on sites with sandy soils and low nutrient content may have enhanced C inputs from root 
production relative to more productive soils.  Future work is needed to test the extent to 
which these findings are more broadly representative of annual and perennial bioenergy 
cropping systems. 
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Table 1. Location and description of soil series at the Landscape Biomass experiment, Boone County, IA, USA (USDA NRCS, 
2012). 
Soil series Landscape position* Parent material Drainage class Taxonomic class 
Clarion Su, Sh, Bs, Ts glacial till moderately well-drained fine-loamy mesic Typic Hapludolls 
Coland Fp alluvium poorly drained fine-loamy mesic Cumulic Endoaquolls 
Nicolett Su glacial till somewhat poorly drained fine-loamy mesic Aquic Hapludolls 
Spillville Ts alluvium somewhat poorly drained fine-loamy mesic Cumulic Hapludolls 
Zenor Su, Sh glacial outwash excessively drained coarse-loamy mesic Typic Hapludolls 
*Su – summit; Sh – shoulder; Bs – backslope; Ts – toeslope; Fp – floodplain.   
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Table 2. Mean soil parameter values (± SE) across landscape positions. Letters indicate significant differences (P<0.05).  
Landscape 
position N  SOC  
Depth A 
horizon  K P  
Bulk 
density  GMD POM  Ksat  sand pH 
(g kg
-1
) (g kg
-1
) (cm) (ppm) (ppm) (g cm
-3
)   (g kg
-1
) (cm d
-1
)  (%)   
Summit 
1.43 
(0.23) b 
15.8   
(1.8) b 
33.0 
(6.2) b 
271 
(22.9) a 
56.6 
(4.2) a 
1.58 
(0.04) b 
0.249 
(0.008) c 
0.230 
(0.017) b 
35.0 
(3.9) ab 
54.1 
(5.7) a 
6.67 
(0.05) a 
Shoulder 
1.23 
(0.07) b 
16.6   
(0.7) ab 
40.2 
(3.8) b 
202 
(18.8) a 
33.8 
(5.9) a 
1.55 
(0.03) b 
0.239 
(0.007) c 
0.204 
(0.007) b 
38.7 
(4.5) ab 
49.0 
(3.1) a 
6.60 
(0.07) a 
Backslope 
1.53 
(0.15) b 
17.9   
(1.3) ab 
37.8 
(6.5) b 
157 
(34.1) b 
13.8 
(4.6) b 
1.54 
(0.05) b 
0.262 
(0.011) c 
0.199 
(0.003) b 
22.2 
(2.9) b   
45.5 
(1.5) a 
6.59 
(0.07) a 
Toeslope 
1.30 
(0.14) b 
17.8   
(1.1) b 
46.5 
(9.7) b 
270 
(18.1) a 
46.1 
(6.2) a 
1.58 
(0.03) b 
0.318 
(0.013) b 
0.226 
(0.018) b 
26.1 
(3.1) b   
52.3 
(2.3) a 
6.36 
(0.19) a 
Floodplain 
1.93 
(0.07) a 
31.0   
(1.4) a 
85.0 
(9.8) a 
273 
(17.1) a 
51.0 
(5.4) a 
1.28 
(0.03) a 
0.481 
(0.042) a 
0.345 
(0.026) a 
48.4 
(5.9) a   
29.5 
(2.6) b 
6.65 
(0.04) a 
Parameter values reported are total soil N content (N), soil organic C content (SOC), soil potassium (K) and phosphorus (P) 
concentrations, soil bulk density, geometric mean diameter of soil aggregates (GMD), soil particulate organic matter content 
(POM), saturated hydraulic conductivity of the surface horizon (Ksat), percent sand (sand), and soil pH.  
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Table 3. P-values for pairwise comparisons of root production estimates among different 
landscape positions for the switchgrass cropping system.  
  Shoulder Backslope Toeslope Floodplain 
Summit 0.906 0.590 0.964 0.011 
Shoulder 0.665 0.999 0.015 
Backslope 0.569 0.286 
Toeslope       0.009 
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Table 4.  Mean standing crop root biomass (± SE) of switchgrass across landscape 
positions.  Letters indicate significant differences (P<0.05). 
Landscape position Root biomass (g m
-2
) 
Summit 639.1 (67.3) a 
Shoulder 628.9 (72.7) a 
Backslope 490.4 (46.8) a 
Toeslope 432.8 (33.3) a 
Floodplain 456.8 (61.3) a 
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Table S1.  Matrix of Pearson correlation coefficients of soil parameter values. Coefficients in bold are significant (P<0.05).   
  
Total N SOC 
Depth A 
horizon K P 
Bulk 
density GMD POM Ksat % sand pH 
Total N 1 0.728 0.440 0.108 0.003 -0.638 0.320 0.519 0.145 -0.801 0.078 
SOC  1 0.679 0.193 0.122 -0.823 0.762 0.816 0.269 -0.852 0.006 
Depth A horizon   1 0.342 0.339 -0.505 0.620 0.617 0.100 -0.544 -0.142 
K    1 0.655 -0.200 0.229 0.334 0.182 -0.272 -0.089 
P     1 -0.023 0.205 0.299 0.286 -0.069 -0.147 
Bulk density      1 -0.601 -0.678 -0.328 0.759 -0.128 
GMD       1 0.758 0.344 -0.506 0.035 
POM        1 0.261 -0.652 0.153 
Ksat         1 -0.250 0.114 
% sand          1 -0.026 
pH           1 
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Figure 1.  Mean root production for cropping systems among landscape positions.  
Letters indicate significant 
cropping system.  Error bars show one standard error, * indicates no significant 
differences among landscape positions within a cropping system.  
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differences (P<0.05) across landscape positions within a 
  
 
  
 
Figure 2.  Mean dissimilarity dendrogram showin
positions based on within- 
11 soil parameters included in the analyses.  Horizontal lines are drawn at the levels of 
mean between-cluster dissimilarity, vertical lin
dissimilarity.    
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Figure 3.  Root productivity in switchgrass as a function of a) SOC content, b) total N 
content, c) bulk density, d)
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Figure S1.   Average daily temperatures and cumulative precipitation for the 2011 
growing season (1 April 2011 – 31 Oct 2011; solid lines) compared to 20-yr averages 
(broken lines
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Abstract 
Changes in tillage practices and land use have a strong influence on soil aggregation and 
the physical protection of soil organic carbon (C) pools. Bioenergy production from 
crops has the potential to improve C storage in soils over time through associated 
changes in land use and tillage.  Less well understood are the impacts of variation in 
topography and the duration of time necessary to affect these changes, particularly under 
different biomass cropping systems.  We studied short-term (3-year) changes in soil 
aggregation, aggregate-associated C contents, and particulate organic matter (POM) 
pools under three cropping systems—an annual single crop (continuous corn), an annual 
double crop (triticale/ sorghum), and a perennial crop (switchgrass)—replicated across 
five landscape positions along a topographic gradient in central Iowa, USA. Soil 
aggregation increased over three years for all cropping systems and was greatest under 
switchgrass; however, the landscape position by cropping system interaction was 
significant for aggregation changes. The distribution of soil C shifted within aggregate 
fractions: as the amount of soil C associated with microaggregates decreased, 
macroaggregate C increased.  Although total soil organic C stocks did not change, 
physically protected organic matter within aggregates (iPOM-C) increased, as did C in 
the unprotected (frPOM-C) pools. Cropping system effects were detected in both the 
coarse frPOM-C (P<0.0001), and large macroaggregate iPOM-C pools (P=0.002); in 
both cases changes under switchgrass were higher compared to the two annual systems. 
Landscape position had significant but inconsistent effects on POM-C pools, altering 
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shifts in coarse frPOM-C (highest on the summit compared to backslope and toe slope) 
and microaggregate iPOM-C (highest on the backslope compared to the summit, 
shoulder, and floodplain). Shifts in macroaggregate C were related to variation in iPOM-
C (R2=0.312, P<0.0001) over the duration of the study, likely due to the formation of 
new macroaggregates. Fluctuations in microaggregate C observed over time were 
associated with differences in fine frPOM (R2=0.205, P=0.001). Our data suggest that 
adoption of no-till management and the conversion to perennial switchgrass, although 
not impacting total soil C stocks, can have positive effects on C storage through the 
increased physical protection of SOM within soil macroaggregates in as little as three 
years. The process leading to these effects may be variable, however, depending on 
landscape position. 
Introduction 
Purported environmental benefits of bioenergy often highlight the increased storage of 
carbon (C) as soil organic matter (SOM) within agricultural soils. Maximizing this 
benefit necessitates understanding how cropping systems that produce bioenergy 
feedstocks alter belowground C cycling across agroecosystems (Blanco-Canqui, 2010; 
Anderson-Teixeira et al., 2013). Perennial crops, such as switchgrass or short-rotation 
woody crops, are expected to influence biogeochemical cycling and the overall potential 
environmental benefit of bioenergy much differently relative to annuals crops 
(Robertson et al., 2011), with the realized improvements to ecosystem functioning likely 
dependent on the location of crops within landscapes (Dale et al., 2011). Sites poorly 
suited for annual row crops due to edaphic limitations or susceptibility to erosion and 
flooding have the potential to produce significant biomass from perennial vegetation 
(Tilman et al. 2006; Campbell et al. 2008).  Still uncertain, however, is the relative 
capacity for improving soil C storage in annual versus perennial bioenergy crops across 
heterogeneous agroecosystems, as well as the duration of time necessary to realize these 
changes. Understanding the potential of bioenergy crops to store soil C across both 
productive and marginal locations is necessary for maximizing ecosystem benefits as 
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well as establishing realistic expectations of SOM accrual across diverse agricultural 
landscapes.    
Soil aggregation and SOM are important indicators of soil quality and the 
environmental sustainability of agricultural management practices. Aggregation and the 
protection of SOM from decomposition are synchronously occurring processes that 
result in the storage of C in temperate soils. Soil organic matter binds mineral particles 
together forming soil aggregates (Edwards and Bremner, 1967; Tisdall and Oades, 1982; 
Kleber et al., 2007) and chemically protects SOM from microbial degradation (Hassink, 
1997). Aggregate formation stabilizes fragments of organic material within soil 
microsites, physically protecting them from decomposition (Golchin et al., 1994; Jastrow 
1996; Six et al., 2000). Increased soil aggregation enhances water-holding capacity 
(Franzluebbers, 2002), reduces erosion and surface runoff (Barthes and Roose, 2002), 
and increases C and N contents of soil pools (Cambardella & Elliot, 1992; 1993).     
The capacity for agricultural soils to aggregate and store C belowground is 
determined by the inherent physiochemical properties of the soil (Hassink, 1997) in 
addition to various agricultural management strategies (Lal, 2002; Cambardella et al., 
2012). Fine mineral particles interact with organic matter to form organo-mineral 
complexes (Tisdall & Oades, 1982). As a result, fine-textured soils have a greater 
capacity to stabilize organic matter, and usually contain more SOM than course-textured 
soils (Merckx et al., 1985). Management practices have a strong influence on aggregate 
stability by shifting the balance between the formation and destabilization of aggregates 
(Elliott, 1986). Tillage increases turnover of aggregates and accelerates losses of SOM 
by changing the physical environment of the soil. Beyond the physical disturbance of 
plowing, tillage can increase soil aeration and both wet/dry and freeze/thaw cycles that 
accelerate SOM decomposition and aggregate disruption (Paustian et al., 1997). By 
contrast, conservation tillage practices, including no-till, can enhance aggregation and 
the protection of SOM (Cambardella & Elliot, 1993; Balesdent et al., 2000; Pikul et al., 
2009). Other management practices such as reducing the amount of plant biomass 
removed from the system can enhance aggregation.  Karlen et al. (1994) showed the 
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retention of crop residues in a no-till continuous corn system positively affected 
aggregate stability and SOM content of soils. Increased root biomass, especially in 
association with perennial vegetation, enhances the formation of aggregates (Miller & 
Jastrow, 1990) and the physical protection of SOM within aggregates (Jastrow, 1996). 
These effects are often correlated with the abundance of mycorrhizal fungi (Wilson et 
al., 2009), which, along with fine roots, bind primary soil particles together to form 
aggregates (Tisdall & Oades, 1982; Rillig & Mummey, 2006). Within annual cropping 
systems, increased cropping diversity through double cropping, intercropping, and 
winter cover cropping has positive impacts on soil aggregation and SOM (McVay et al., 
1989; Kabir and Koide, 2000; Mikha et al., 2010; Steele et al., 2012). 
Particulate organic matter (POM) is an organic fraction shown to be sensitive to 
management through impacts on soil aggregate dynamics (Cambardella et al., 2001). In 
systems managed as no-till, POM is derived primarily from decomposing root biomass 
(Gale and Cambardella, 2000; Gale et al., 2000a). Particulate organic matter induces the 
formation of macroaggregates (250–2000 µm) from microbial-derived binding agents 
(Golchin et al., 1994; Degens, 1997) and the proliferation of fungal hyphae (De Gryze et 
al, 2005). As a result, POM that is free in the soil matrix (frPOM) becomes intra-
aggregate POM (iPOM) (Golchin et al., 1994). As POM further decomposes and 
becomes fragmented within macroaggregates, it becomes enveloped in a layer of fine 
mineral particles and microbial products, forming microaggregates (53–250 µm) within 
the macroaggregate (Gale et al., 2000b). Macroaggregates eventually become unstable 
and degrade, releasing newly formed microaggregates containing iPOM (Six et al., 
2000). Microaggregates are more stable and turn over more slowly compared to 
macroaggregates (De Gryze et al., 2006), making microaggregate iPOM an important 
SOM pool for C storage. Moreover, because microaggregates form within 
macroaggregates, the formation and turnover of macroaggregates is expected to largely 
control the physical protection of SOM.  
Environmental drivers of soil aggregation and C storage vary spatially across 
agroecosystems; often these drivers operate at different spatial scales creating non-
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random patterns in SOM (Apeldoorn et al., 2011). Plot-scale experiments and process-
based models provide mechanistic understanding of agroecosystem soil C dynamics, 
however the prediction of SOM change across broad spatial extents has led to increased 
need for integrating knowledge across spatial scales (Viaud et al., 2010). Scaling 
information from fine to broad spatial scales requires investigating pattern-process 
relationships across environmental gradients at intermediate scales (Peters et al., 2007). 
Topography provides a useful gradient for soil C studies at intermediate scales due to its 
strong influence on soil formation and redistribution across landscapes (Schimel et al., 
1985; Wood et al., 1990; Pennock et al., 1994; Yoo et al., 2006).  Multiple edaphic 
properties often differ between landscape positions (Ovalles & Collins, 1986; 
Cambardella et al., 2004), influencing changes in soil aggregation and SOM storage 
resulting from conversion in land-use (Guzman and Al-Kaisi, 2011) and tillage practices 
(VandenBygaart et al., 2002). Furthermore, topographical influences on soil C can 
interact with management, resulting in altered responses to management, such as tillage 
(Bergstrom et al., 2001; VandenBygaart et al., 2002; Senthilkumar et al., 2009) and land 
use (Tan et al., 2004) depending on position in the landscape.   
Previous investigations on the effects of topography on soil C in different 
management systems have typically measured total soil C (Bergstrom et al., 2001; 
VandenBygaart et al., 2002; Senthilkumar et al., 2009), not aggregates and protected 
pools of soil C important for C storage. These studies commonly assume an equilibrium 
state has been reached within management systems, typically 15 to 20 years after the 
inception of a management regime.  The temporal dynamics in aggregation and 
physically protected C pools important for short-term impacts to belowground C cycling 
and storage are poorly understood.  
In this study, changes in aggregation and physically protected SOM were 
compared among three cropping systems and five landscape positions along a 
topographic gradient during the first three years following conversion to no-till. The 
objectives of this study were to assess the interactions between cropping system and 
landscape position following conversion to no-till management on (i) soil aggregation, 
57 
 
 
 
(ii) C content of multiple aggregate fractions, and (iii) frPOM and iPOM pools 
associated with aggregate fractions in a single annual cropping system (continuous corn), 
a double annual cropping systems (triticale/sorghum), and a perennial herbaceous 
cropping system (switchgrass). We hypothesized that soil aggregation would increase 
across all cropping systems due to conversion to no-till, with greater increases under the 
switchgrass cropping system. Additionally, we hypothesized short-term changes in 
aggregation would coincide with an increase in the storage of soil C through greater 
physical protection of POM within soil macroaggregates. Lastly, we hypothesized that 
the changes in aggregation and the physical protection of POM would be impacted by 
the topographic gradient, resulting in differing rates of change in C storage due to 
cropping systems among the landscape positions at our site.   
Materials and Methods 
Site Description and Design 
This study was conducted between 2009 and 2012 as part of the Landscape Biomass 
Project (http://www.nrem.iastate.edu/landscapebiomass/), located in Boone County, IA, 
at Iowa State University’s Uthe Research and Demonstration Farm. Prior to the 
establishment of experimental plots, the entire 35 ha site was managed for annual row 
crop production since the 1970’s; all but the floodplain soils have been in continual 
production since before the 1930’s. Soils were managed with conventional tillage 
practices since at least the 1980’s (Lynn Henn, CAD farm manager, personal 
communication). Following establishment, all plots were managed as no-till. A complete 
description of the site including the experimental design, site soil conditions, and 
cropping systems evaluated can be found in Ontl et al. (2013). Forty-five plots are sited 
across five landscape positions (summit, shoulder, back slope, toe slope, floodplain) 
along a topographic gradient. Soils on the site are comprised of two Mollisols consisting 
of five soil series that ranged from fine-textured, poorly-drained soils to coarse-textured, 
excessively-drained soils (Soil Survey Staff 2013). Three cropping systems were 
included in the study, continuous corn (Zea mays L.), a double crop systems consisting 
of a winter annual crop (triticale, x Triticosecale Wittm.) seeded in the fall following the 
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harvest of sorghum (Sorghum bicolor L. Moench), and switchgrass (Panicum virgatum 
L., cultivar: “Cave-In-Rock”). Nitrogen fertilization rates for continuous corn, 
switchgrass, triticale, and sorghum, were 168, 134, 34, and 134 kg urea-N ha-1, 
respectively, other than in 2011 when sorghum was fertilized at a rate of 112 kg urea-N 
ha-1. The sorghum crop was not fertilized prior to planting in 2012 due to drought 
conditions. All plots received 112 kg KCl ha-1and 56 kg P2O5 ha-1 of Triple Super 
phosphate in 2010 and 2011.    
Soil Sampling 
Soils were sampled to a depth of 20 cm using a 32-mm diameter soil probe (Clements 
Associates, Newton, IA) in all plots on 28 Oct, 2009, and on 7 Nov, 2012. Five cores 
were randomly collected from each plot and composited into a single sample in the field. 
Field-moist samples were sieved with an 8-mm sieve by breaking the soil along natural 
planes of weakness; one half the sample was further passed through a 2-mm sieve. Roots 
longer than 10 mm were removed from samples during sieving. Samples were then air 
dried at room temperature to a consistent weight and kept in bags until further processed.  
Aggregate Separations 
The air-dried 8-mm sieved soil from each plot was systematically mixed to ensure 
representative subsampling. Three 50-g subsamples were removed for wet sieving 
according to Elliot (1986). Four aggregate size fractions were obtained: (a) large 
macroaggregates (LM; > 2000 µm), (b) small macroaggregates (SM; 250–2000 µm), (c) 
microaggregates (micro; 53–250 µm), and (d) silt and clay sized particles (SC; <53 µm). 
Subsamples were slaked for 5 minutes by submersion in 2 L of deionized water on top of 
a 2-mm sieve. During slaking, all roots and other organic debris larger than 2 mm 
floating on the surface were removed from the sample and discarded. Soils were wet-
sieved under water by moving the sieve vertically 50 times in 2 minutes, carefully 
breaking the surface of the water with each stroke. Material passing through the sieve 
was passed onto the next smallest sieve, while material retained on the sieve was 
backwashed into an aluminum pan. The soil slurry passing through the 53-µm sieve was 
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rinsed into a 4-L glass dish. All size fractions were dried at 60 °C and stored at room 
temperature in glass vials.   
Sand content of aggregate fractions > 53 µm was determined for the first set of 
subsamples from each plot. 10 g of each aggregate fraction (if sample weight < 10 g then 
the entire fraction was used) was dispersed using 30 mL of 5% (w/v) sodium 
hexametaphosphate and shaken for 18 h on a reciprocal shaker. Silt and clay particles 
were washed from dispersed samples by rinsing over a 53-µm sieve to isolate sand and 
particulate organic matter on top of the sieve, which was backwashed into aluminum tins 
and dried overnight at 60 °C prior to being weighed. Organic matter of samples was 
removed from sand by loss-on-ignition prior to determining sand weight (Cambardella et 
al., 2001). The sand-free weight of each aggregate fraction was determined by 
subtraction and geometric mean diameter (GMD) of soil samples was estimated (Kemper 
& Rosenau, 1986). 
Fractionation of Particulate Organic Matter 
Aggregate fractions from the second set of soil subsamples from each plot were used to 
isolate intra-aggregate as well as free and released POM using densiometric 
fractionation. Unprotected POM was isolated from small macroaggregates (coarse 
frPOM) and microaggregates (fine frPOM); occluded POM was isolated from large 
macroaggregates (LM-iPOM), small macroaggregates (SM-iPOM), and microaggregates 
(micro-iPOM). The fractionation methods used were a modification of the sequence 
described previously by Gale et al. (2000a).   
A 10-g subsample from each of the three aggregate size classes was weighed 
onto a 20-µm nylon filter (55-mm diameter; Tetko, Inc., Briarcliff Manor, NY) overlaid 
on a glass-fiber filter (55 mm diameter; Whatman Type GF/A) in an 80-mm plastic petri 
dish. If 10 g was not available, the entire fraction was used. Subsamples were wetted on 
the filters by capillarity to reduce slaking that can occur when dry aggregates are added 
to liquid during the density fractionation procedure. 5 g of deionized water was added to 
the >2000-µm & the 250- to 2000-µm fractions, and 4.5 g of water to the 53- to 250-µm 
fractions. Wetted samples were stored overnight at 4 °C to equilibrate before 
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fractionation began. Samples were rinsed off the nylon filter into a 250-mL beaker using 
55 mL of sodium polytungstate (Poly-Gee brand, Geoliquids Inc., Prospect heights, IL) 
adjusted to a density of 1.89 g cm-3. Previous testing showed the water within the 
aggregates would lower the density of polytungstate to a density of 1.85 g cm-3 (Gale et 
al., 2000a). This density was chosen to optimize the balance between isolation of 
undecomposed organic matter (density ~ <1.6 g cm-3) and organo-mineral complexes 
(density ~ <2.0 g cm-3) (Elliott and Cambardella, 1991; Cerli et al., 2012). Samples were 
gently stirred and allowed to equilibrate overnight. The following day, frPOM floating 
on the surface was aspirated off onto 20-µm nylon filters, then rinsed into a jar with 100 
mL water and allowed to sit at room temperature for 4 hours to dissolve any 
polytungstate remaining in the sample. Water with dissolved polytungstate was removed 
by rinsing samples onto a 20-µm nylon filter under vacuum followed by washing into 
aluminum tins. Tins were dried overnight at 60 °C then weighed. 
After removal of the frPOM, as much as possible of the remaining polytungstate 
solution was aspirated without disturbing the aggregates on the bottom of the beaker. 
Aggregates were rinsed with water into 60-mL polypropylene centrifuge bottles, 
centrifuged at 900 X g for 10 minutes, and the liquid poured off. Aggregates were rinsed 
two more times by re-suspending the pellet in 0.25 M CaCl2 and spinning at 900 X g for 
10 minutes, after which the liquid poured off. Preliminary tests showed rinsing the heavy 
fraction three times adequately removed residual tungstate based on sample dry weights 
relative to no-tungstate controls. Following the third rinse, the pellets were resuspended 
in 30 mL of 5% (w/v) sodium hexametaphosphate and shaken for 18 h on a reciprocal 
shaker to disperse aggregates and release intra-aggregate POM. The dispersed aggregates 
were passed through a 53-µm sieve and rinsed with water.  Material passing through the 
sieve was rinsed into aluminum pans and dried at 60 °C. Material remaining on top of 
the sieve was backwashed onto 20-µm nylon filters under vacuum to remove excess 
water, then rinsed into 250-mL beakers with 60 mL of sodium polytungstate adjusted to 
a density of 1.85 g cm-3. Samples sat undisturbed overnight before aspirating iPOM 
floating on the surface. Procedures for recovery of iPOM followed those for frPOM. The 
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heavy material remaining at the bottom of the beaker was backwashed over a 20-µm 
nylon filter under vacuum to remove the remaining polytungstate. All samples were 
ground to a fine powder and stored in glass vials at room temperature until further 
analysis. 
Carbon and Nitrogen Determination 
Total C and N were measured on all fractions using a TruSpec Micro CHNS elemental 
analyzer (LECO Corporation, St. Joseph, MI). Whole soil C was determined from 50-g 
subsamples of the air-dried 2-mm sieved soil that was ground to pass through a 500 µm 
sieve.  When necessary, total C was corrected for inorganic C using the pressure 
calcimeter method (Sherrod et al., 2002). Additionally, 10 g of each aggregate fraction 
from the third set of subsamples was ground for C and N analysis of individual aggregate 
fractions. If 10 g was not available, the entire fraction was ground and analyzed. POM 
fractions isolated from densiometric fractionation within aggregate size classes were 
analyzed for C content; POM fractions were combined across all plots in 2009, and 
according to cropping system from the 2012 samples.    
Statistical analyses 
Analyses were conducted in R v3.0.1 (R Core Team, 2013) unless otherwise stated. All 
data were tested for normality using the Shapiro-Wilk test and were log-transformed to 
meet assumptions of normality when necessary. The impact of conversion to no-till 
management on whole soil C between 2009 and 2012 was determined by testing for 
equality of means for plots using paired t-tests. Year and cropping system effects on 
aggregate fraction C contents were tested using ANCOVA. Changes in large and small 
macroaggregate-associated C and POM pools were analyzed with linear regression. 
Analysis of variance (ANOVA) was conducted using SAS statistical software (SAS 9.3, 
SAS Institute Inc., Cary, NC).  Cropping system and landscape position effects on 
differences in POM pools were determined with three-way ANOVA that included 
replicate as a main effect; all interaction terms were included. Main effects that were not 
significant were removed from the model (along with their interaction terms) when 
P>0.25 (Sokal and Rohlf, 1995). Change in GMD between sampling periods for each 
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plot were calculated and the effects of cropping system and landscape position were 
estimated using mixed-model ANOVA with subsamples within plots as a random effect. 
Significance of main effects was determined based on type III sums of squares. Multiple 
comparisons of means for cropping system and landscape position were analyzed with 
Tukey HSD post-hoc tests.  
Results 
Whole-soil C  
Whole soil organic C content did not change between 2009 and 2012 (P=0.7916) 
indicating that changes in cropping systems or conversion to no-till management did not 
affect total soil organic C stocks over the three years of this study. Following correction 
for inorganic C, soil C levels in 2009 and 2012 averaged 19.6 and 19.4 g C·kg-1 soil, 
respectively. No effects of either cropping system or landscape position (P=0.1668 and 
P=0.4717, respectively) were significant for changes in whole soil C over the three years 
of this study.  
Soil aggregates 
Analysis of water-stable soil aggregates showed that GMD increased significantly 
(P<0.001) across all plots between 2009 and 2012. Changes in soil aggregation were 
positive in all cropping systems (switchgrass, P<0.0001; sorghum/ triticale, P=0.0281; 
continuous corn, P<0.0001). Comparison between cropping systems showed soil 
aggregation change was greatest under switchgrass compared to both continuous corn 
(P=0.0162) and the triticale/ sorghum double crop (P=0.0002).  Although landscape 
position was not significant for change in GMD when averaged across individual 
cropping systems, the cropping system by landscape position interaction was significant, 
indicating that changes within landscape positions were affected differently by cropping 
system (P<0.0001) (Fig. 1).  Change in GMD was greater under switchgrass compared 
to either continuous corn or sorghum/triticale in three of the five landscape positions 
(summit, backslope, and floodplain). Only on the floodplain were differences significant 
among all three cropping systems, with significant decreases in aggregation in the 
triticale/ sorghum plots. Triticale/ sorghum changed less than both switchgrass and the 
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continuous corn system on the toeslope, whereas on the shoulder position triticale/ 
sorghum system showed significantly greater changes in aggregation compared to both 
switchgrass and continuous corn.  
Changes in soil aggregation over time influenced the distribution of C within 
aggregate fractions (Table 1). Large macroaggregate C changes were significantly 
different than zero for all cropping systems at all landscape positions. The magnitude of 
change in LM-C content was greater than the other aggregate fractions, with significant 
effects of cropping system (P=0.004), landscape position (P<0.0001), and their 
interaction (P<0.0001). The largest gains in LM-C content corresponded to conversion to 
switchgrass. Averaged across landscape positions, large macroaggregate C in 
switchgrass plots increased by 2.0 gC kg-1 soil, which was significantly higher than the 
gains in both the continuous corn (1.3 gC kg-1 soil; P=0.039) and triticale/ sorghum (1.0 
gC kg-1 soil; P=0.004) systems. Accrual of C in the LM fraction for the switchgrass 
system was highest in the summit and floodplain compared to all other positions, 
whereas the continuous corn system showed greater gains on the shoulder. Cropping 
system effects were not significant for C content of other soil fractions (small 
macroaggregates, P=0.288; microaggregates, P=0.254; silt + clay, P=0.361).  The 
change between 2009 and 2012 in the C content of microaggregates significantly 
decreased (P<0.0001, all cropping systems) by 1.2 gC kg-1 soil, nearly to the same 
magnitude as the increase in large macroaggregate C content (1.41 gC kg-1 soil).  
The landscape position by cropping systems interaction term was significant for 
changes in SM-C (P<0.001), but patterns were more variable than for LM-C.  Only six 
of the 15 cropping system by landscape position combinations showed significant 
change from zero. Averaged across cropping systems, the shoulder position had the 
largest gains in SM-C content corresponding to the location where LM-C changed the 
least. Similarly, SM-C significantly decreased in switchgrass on the floodplain, where 
the LM fraction saw the greatest rise in C content.  
POM-C pools 
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POM-C pools comprised a small proportion of the total soil C pool, yet responded to 
changes in cropping system and tillage practice over the short duration of this study 
(Table 2).  Total POM-C in 2009 averaged 0.42 gC kg-1 soil, comprising 2.6 % of total 
organic C. Unprotected POM-C (frPOM-C) was 0.22 gC kg-1 soil, while the protected 
POM-C pool (iPOM-C) averaged 0.20 gC kg-1 soil. In 2012, total POM-C increased to 
0.69 gC kg-1 soil, or 4.3 % of total organic C, with frPOM-C levels increasing to 0.32 gC 
kg-1 soil and iPOM-C to 0.37 gC kg-1 soil.  POM fraction C content changes were 
different between coarse and fine frPOM fractions reflecting the greater degree of 
decomposition with smaller size (Table 2).  Occluded POM did not vary as much within 
the different aggregate fractions and had higher C contents than frPOM, indicating less 
decomposition due to the physical protection of the material. C content analyses of SOM 
pools indicate occluded POM had a higher C content—that was more similar to root 
tissue values—compared to unprotected POM, while the C content values of fine frPOM 
were less than half of the coarse frPOM pool (Table 3). 
While free and protected POM (frPOM, iPOM) C pools changed during the three 
years of the study, the effects of cropping system and landscape position were different 
for each pool.  Both cropping system (P<0.0001) and landscape position (P<0.01) were 
significant for the change in coarse frPOM-C isolated with the small macroaggregate 
fraction (250–2000 µm), as well as the cropping system by landscape position 
interaction term (P=0.02). Switchgrass plots had greater change (P<0.0001) in coarse 
frPOM-C compared to continuous corn (0.04 gC kg-1soil) and triticale/ sorghum (0.06 
gC kg-1 soil) (Table 2, Fig. 2), with an accrual of 0.17 gC kg-1 soil averaged across all 
landscape positions. Cropping systems effects on coarse frPOM-C varied across 
landscape positions. No differences between cropping systems were apparent on the 
backslope; increases under switchgrass were significantly greater than continuous corn 
on the summit and floodplain positions, triticale/ sorghum on the shoulder, and both 
continuous corn and triticale/ sorghum on the toe slope. The amount of fine frPOM-C 
isolated with the microaggregate fraction (53–250 µm) increased between 2009 and 
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2012 (P<0.001), increasing by 0.02 gC·kg-1 soil, but neither crop nor landscape position 
were significant effects.   
Changes in iPOM-C pools in response to cropping system, landscape position or 
their interaction were seen for all three aggregate fractions (Table 2). Cropping system 
significantly affected changes in large macroaggregate iPOM-C (LM-iPOM) (P=0.002).  
However, changes were greater than zero only for the switchgrass cropping system (Fig. 
2), which increased 0.07 gC kg-1 soil, significantly greater (P=0.025) than the changes 
under continuous corn (0.01 gC kg-1 soil) or triticale/ sorghum (P=0.002, -0.01 gC kg-1 
soil). Small macroaggregate iPOM-C (SM-iPOM) had the largest average increase of 
any POM pool, gaining an average of 0.15 gC kg-1 soil across all cropping systems 
(P<0.0001).  Neither cropping system or landscape position were significant for the 
positive shifts in the SM-iPOM pool.  Microaggregate iPOM-C (m-iPOM) did not 
change over the duration of the study, and was not impacted by cropping system.  
Changes in this pool did appear to vary across landscape position (P=0.001), however, 
with increased micro-iPOM on the backslope position compared to the summit, shoulder 
and floodplain (Table 2). 
Regression analyses of changes in C contents of aggregate fractions and POM-C 
show that shifts over time in C content of water stable aggregates is related to POM-C 
pools differently between macro- and microaggregates (Fig.3). Differences in 
macroaggregate C are strongly correlated to changes in iPOM-C (adjusted R2=0.312, 
P<0.0001), while shifts in coarse frPOM-C associated with the macroaggregate fraction 
were not significantly correlated (P=0.873).  However, changes in microaggregate C 
were strongly correlated to the observed differences fine frPOM-C isolated with the 
microaggregate fraction (adjusted R2=0.205, P=0.001).  In contrast, microaggregate 
iPOM-C was not a significant predictor (P=0.994) of shifts in C content of 
microaggregates.  The shifts in macroaggregate iPOM and their associated changes in C 
distribution among aggregate classes resulted in the overall increase in the physical 
protection of soil C over the three years of this study (Fig. 4). The gains in C physically 
protected within all aggregate fractions were highest (P<0.0001) under the perennial 
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switchgrass system (634±71 kg C ha-1 yr-1) compared to the triticale/ sorghum and 
continuous corn systems (364±72 and 394±72 kg C ha-1 yr-1, respectively). 
Discussion 
Meeting the demands of bioenergy production in the 21st century is expected to occur 
through the strategic integration of a portfolio of cropping systems across heterogeneous 
landscapes to optimize the biomass production and economic profitability with 
environmental benefits (Heaton et al. 2013). When considering variation across 
heterogeneous landscapes, the choice of cropping systems can impact biomass 
production rates (Wilson et al., submitted); however, tradeoffs are likely between the 
financial incentives (Manatt et al., 2013) and the impacts to ecosystem functioning 
derived from carbon and nutrient cycling processes (Hargreaves & Hofmockel, 2013).  
Our data show that the short-term benefits to belowground C cycling—specifically the 
physical protection of SOM—are apparent within three years of converting to alternative 
cropping systems and to no-till, and the impacts are dependent on both the cropping 
system employed and its location in the landscape. 
Soil aggregation and aggregate C 
While we found that total soil organic C stocks did not vary over the duration of the 
study, changes in belowground C pools were apparent through impacts on aggregate 
formation. Geometric mean diameter of aggregates increased over the duration of the 
three years of this study across all cropping systems suggesting that conversion to no-till 
management was important for formation of water stable aggregates. Previous studies 
have firmly established the positive impacts of adoption of no-till management on 
aggregation through reduced turnover of soil aggregates (Cambardella and Elliot, 1992 
and 1993; Six et al., 1999, Pikul et al., 2009); however, few studies address the short-
term temporal dimension of these changes. Paul et al. (2009) detected increased 
aggregate stability under no-till management compared to conventional tillage after 5 
years in a corn-soybean rotation in sub-Saharan Africa.  Additionally, conversion of crop 
lands to grasslands has shown aggregation can recover quickly (Jastrow, 1987), as 
macroaggregate stabilization increases quickly during the first decade following 
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establishment of perennial vegetation (Jastrow, 1996).  Studies in restored grasslands 
have contributed much to our knowledge of the mechanisms impacting aggregation, 
including the importance of the dense root systems of perennial vegetation and their 
associated mycorrhizal fungi (Miller and Jastrow, 1990).  Similarly, our data show 
changes in GMD were highest under the perennial switchgrass system where root 
productivity was highest (Ontl et al. 2013), providing further evidence that greater root 
production enhanced stabilization of soil aggregates. Results presented here suggest that 
in agricultural systems no-till management can affect aggregate stabilization in short 
spans of time and that, when belowground productivity is increased under perennial 
vegetation, the effects on aggregation are enhanced. 
Cropping system effects on aggregation changes were dependent on position in 
the landscape, with the largest differences among cropping systems in the poorly-drained 
floodplain soils. Prior studies have established topographic effects on soil aggregation 
due to variation in soil clay content (Pierson and Mulla, 1990).  Cambardella et al. 
(2004) showed tillage practices can change how aggregation is effected by landscape 
position, with differences in % water stable aggregates across a topographic gradient 
observed only under convention tillage, but not under a ridge-till system.  Topography 
has been shown to impact both soil aggregation (Guzman and Al-Kaisi, 2011) and C 
associated with small macroaggregates (Guzman and Al-Kaisi, 2010) following 
conversion to grassland vegetation. Previous results from this site (Ontl et al., 2013) 
indicated soil variables such as texture differ across landscape positions, likely impacting 
changes in aggregation through the association of fine mineral surfaces with SOM 
(Tisdall and Oades, 1982). Additionally, soil C input through root production was 
impacted by soil texture across the topographic gradient in switchgrass, but not in the 
two annual systems (Ontl et al., 2013), possibly impacting aggregate formation. 
However, switchgrass root production was lowest on the floodplain where changes in 
aggregation were greatest, indicating texture may be an important contributing factor to 
aggregate stabilization at this field site. In a study comparing the relative importance of 
soil properties and roots, Barto et al. (2010) showed soil texture, not root lengths or 
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fungal hyphae, was the most important factor for aggregation in soils compared across a 
land-use intensity gradient. Overall, these results show that the short-term impacts on 
soil aggregation are most positive under conversion to switchgrass relative to annual 
cropping systems, but the responses to cropping system may vary between landscape 
positions due to interactions with soil properties (Ontl et al., Chapter 5). 
Increases in aggregation resulted in changes in the distribution of soil carbon (C) 
among the four aggregate fractions. Aggregate C changes indicate the shifts in C 
distribution occurred as gains in LM-C fraction and losses in the m-C fraction that were 
similar in magnitude (Table 1).  These results suggest that changes in the C distribution 
occurred due to a shift of C from the microaggregate fraction to macroaggregates as soil 
aggregation increased possibly due in part to encapsulation of microaggregates into 
newly formed macroaggregates. The amount of soil C within microaggregates decreased 
while macroaggregate C contents increased over time (Table 1), consistent with shifts in 
soil C in aggrading systems reported elsewhere (Jastrow, 1996).  Our data are consistent 
with the concept that macroaggregate formation occurs initially (Oades, 1984; Elliot and 
Coleman, 1988; Gale et al. 2000a,b), particularly in soils with favorable quantities of 
clay and polyvalent cations and where microaggregates are resilient to the effects of 
cultivation (Jastrow et al. 1996).  These data suggest that the conversion to no-till 
management has resulted in increased C associated with larger-sized aggregate fractions 
as free soil microaggregates are incorporated into newly-formed macroaggregates. 
POM pools 
Many prior studies have investigated impacts of tillage practice (Cambardella and Elliot 
1992, 1993; Beare et al. 1994; Six et al. 1998, 1999, 2000), land cover (Marquez et al., 
1999; Leifeld and Kögel-Knabner, 2005; John et al., 2005, Yamashita et al., 2006), and 
topography (Hook and Burke, 2000; Garten and Ashwood, 2002, Cambardella et al., 
2004) on POM-C pools. Of these, few have quantified the impacts to functionally 
different POM fractions. Additionally, there is limited information on temporal patterns; 
most studies of changes over time have compared croplands to a grassland restoration 
chronosequence (Jastrow, 1996; O’Brien et al., 2010; 2013). This study is unique in that 
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we evaluate, through repeated sampling, the short-term changes in both free and 
physically protected POM-C pools simultaneously affected by cropping system, and 
topography. 
Increases in coarse and fine unprotected POM-C pools were observed over the 
duration of this study within all cropping systems. Alteration in the soil physical 
environment from conversion to no-till management can decrease decomposition rates of 
POM (Paustian et al., 1997) leading to accrual of soil C. Shifts over time in coarse 
frPOM-C were the largest, possibly a result of the new SOM inputs from root 
productivity. In support of this hypothesis, cropping system effects were most 
pronounced under switchgrass, which had the highest rates of root production. Shifts in 
fine frPOM-C were smaller and were not affected by cropping system.  The more 
decomposed state of this C pool (Six et al., 1998), implied by the more fragmented 
nature (Guggenberger et al., 1994) and lower % C (Table 3), suggests that increases are 
likely due to reduced turnover from the cessation of tillage-induced disturbance (Kisselle 
et al., 2001) and not from new root-derived SOM inputs. Of the POM pools evaluated, 
only coarse frPOM-C was affected by the landscape position and its interaction with 
cropping system, possibly a result of the differences in root production between cropping 
systems within landscape positions.  For example, cropping system effects were not 
significant on the backslope position, where differences in root production were among 
the lowest (Ontl et al., 2013), while on the toeslope where divergence in root production 
between switchgrass and the two annual systems was the largest, shifts in coarse frPOM-
C under switchgrass were higher compared to both annual systems. Fine frPOM-C 
increases were significantly greater than zero when averaged across all cropping systems 
and landscape positions, although less than those observed in the coarse fraction. These 
shifts were likely a combined result of decreased decomposition rates of POM following 
conversion to no-till (Kisselle et al., 2001) and increased C inputs. 
Changes in iPOM differed between aggregate fractions, indicating iPOM pool 
changes were influenced by multiple mechanisms. Cropping system effects were 
detected in large macroaggregate iPOM-C shifts. Only changes under switchgrass were 
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significant, mirroring the large increases in aggregation observed within this system. The 
significantly greater belowground biomass of the perennial switchgrass, along with 
associated mycorrhizal hyphal networks, were likely important for stabilization of the 
largest aggregates through physical entanglement of soil particles (Tisdall and Oades, 
1982; Jastrow et al., 1998; Wilson et al., 2009; Zhang et al., 2013) and led to increases in 
macroaggregate associated C (Jastrow, 1996) and physically protected POM (O’Brien et 
al., 2013). Additionally, enhanced microbial enzyme activities under perennial 
vegetation compared to annual crops at the site may impact turnover of labile C 
(Hargreaves and Hofmockel, 2013).  Greater root biomass under perennial switchgrass 
may have led to further changes in macroaggregate stability through microbially-derived 
soil binding agents (Golchin et al., 1994) from enhanced enzyme activities. 
Increases over time in small macroaggregate iPOM-C were the largest of all 
POM-C pools. However, these gains were not impacted by cropping system, suggesting 
the mechanisms for increased stabilization of this aggregate fraction may be different 
than for large macroaggregates.  The increased SM-iPOM-C fraction may be 
predominantly a consequence of cessation of tillage disturbance and its effects on soil 
biota.  Zhang et al. (2013) showed microbial and nematode communities contribute to C 
accumulation differently among aggregate size classes in response to tillage practices. In 
particular, gram-positive bacteria and plant-parasitic nematodes were linked to C accrual 
in aggregates <1 mm in diameter in no-till and reduced tillage systems, whereas 
mycorrhizal fungi were important for C accumulation in aggregates >1 mm.  Gains in 
small macroaggregate iPOM-C thus may result from the incorporation of free 
microaggregate structures and unprotected POM into small macroaggregates through 
enhanced activity and abundance of bacteria and nematodes. Regression analysis 
indicated the overall changes in macroaggregate (large + small macroaggregates) 
associated C was significantly related to the shifts in protected POM resulting from these 
multiple mechanisms apparently acting separately on the differently-sized aggregate 
fractions.  
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Microaggregate iPOM-C did not significantly change over the study period in 
response to cropping system, likely a result of the greater stability (Tisdall and Oades, 
1982) and longer residence time of C within this aggregate fraction (Jastrow, 1996). 
These results may be a consequence of the slower incorporation of soil C inputs into 
physically protected pools due to the turnover rate of these more stable aggregates, and 
the assimilation of free soil microaggregates into newly formed macroaggregates (Six et 
al., 2002).  
 
Conclusions 
Our data suggest that the dynamics of protected and unprotected POM-C pools influence 
aggregate C contents differently.  Shifts in C content of macroaggregates appears to be 
related to the occlusion of SOM within newly formed large macroaggregates and the 
formation of small macroaggregates from free microaggregates. Variation in 
microaggregate C content appears to be related to the accumulation or loss of fine 
unprotected SOM within soil. While changes in aggregation and unprotected SOM 
fractions were impacted by both landscape position and cropping system effects, the 
physical protection of SOM was largely affected by land use. Our research suggests that 
the adoption of no-till management and the conversion to perennial switchgrass for 
bioenergy production, while not having measurable short-term impacts to total soil C 
stocks, can have important effects on the physical protection of POM, leading to 
significant soil C storage in as few as three years. 
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Table 1.  Change in soil C (± SE) within aggregate fractions over three years. 
 
LM = large macroaggregates, SM = small macroaggregates, micro = microaggregates, SiC = silt + clay. Letters indicate 
significant differences (P<0.05) between cropping systems within a landscape position; * indicates value is significantly 
different (P<0.05) from zero. 
  
Landscape   Change (g C*kg
-1
 soil) 
position Cropping system LM SM micro SiC 
Summit Switchgrass 1.70 (0.45)* a 0.30 (0.28)    a -1.46 (0.40)* a 0.10 (0.30)   a 
 
Sorghum/triticale 0.66 (0.18)* b 0.40 (0.17)*  a -0.94 (0.23)* a 0.01 (0.10)   a 
 
Continuous corn 0.91 (0.20)* b 0.41 (0.19)*  a -1.14 (0.31)* a -0.10 (0.12)   a 
 Shoulder Switchgrass 0.75 (0.10)* b 0.62 (0.30)*  a -1.43 (0.36)* a -0.04 (0.17)    a 
 
Sorghum/triticale 0.95 (0.11)* b 0.98 (0.51)*  a -1.41 (0.28)* a -0.44 (0.31)    a 
 
Continuous corn 1.13 (0.10)* a 0.40 (0.21)    a -1.56 (0.26)* a 0.13 (0.19)    a 
 Backslope Switchgrass 1.41 (0.19)* a 0.56 (0.18)* a -1.22 (0.20)* a -0.55 (0.17)*  a 
 
Sorghum/triticale 1.55 (0.36)* a -0.13 (0.17)   a -1.04 (0.24)* a 0.02 (0.27)    a 
 
Continuous corn 1.41 (0.23)* a -0.16 (0.20)   a -0.93 (0.20)* a -0.07 (0.11)    a 
 Toeslope Switchgrass 0.98 (0.12)* a 0.09 (0.17)   a -0.91 (0.13)* a 0.23 (0.22)   a 
 
Sorghum/triticale 1.05 (0.34)* a -0.19 (022)    a -0.90 (0.18)* a 0.43 (0.28)   a 
 
Continuous corn 0.90 (0.25)* a -0.38 (0.34)   a -0.82 (0.35)* a 0.14 (0.28)   a 
 Floodplain Switchgrass 4.94 (1.74)* a -2.63 (0.78)* a -1.87 (0.92)* a -0.23 (0.29)   a 
 
Sorghum/triticale 0.83 (0.94)   b -0.68 (0.49)   b -0.65 (0.90)   a 0.52 (0.29)* a 
 
Continuous corn 1.90 (0.46)* b -0.07 (0.45)   b -1.74 (0.33)* a -0.01 (0.14)   a 
Average   1.41 (0.16)*   -0.03 (0.11)      -1.20 (0.11)*   0.01 (0.06)     
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Table 2. POM-C (gC kg-1 soil) fraction change (SE) among cropping systems and landscape positions.  
      Cropping system   Effects
a
 
Fraction 
Landscape 
position Switchgrass Triticale/sorghum Continuous corn CS LP CS x LP 
LM iPOM-C Summit 0.092 (0.061) a* -0.009 (0.028) a -0.003 (0.011) a ‡‡ ns ns 
 
Shoulder 0.027 (0.013) a* 0.000 (0.009) a 0.021 (0.018) a 
   
 
Backslope 0.084 (0.022) a* 0.019 (0.027) a 0.036 (0.023) a* 
   
 
Toe slope 0.046 (0.062) a -0.059 (0.047) a 0.021 (0.036) a 
   
 
Floodplain 0.093 (0.095) a 0.016 (0.047) a -0.015 (0.008) a 
   
 
Average 0.068 (0.023) a* -0.007 (0.015) b 0.012 (0.095) b 
   SM iPOM-C Summit 0.148 (0.013) a* 0.159 (0.035) a* 0.082 (0.024) a* ns ns ns 
 
Shoulder 0.170 (0.005) a* 0.156 (0.028) a* 0.185 (0.037) a* 
   
 
Backslope 0.145 (0.046) a* 0.146 (0.006) a* 0.174 (0.016) a* 
   
 
Toe slope 0.105 (0.019) a* 0.122 (0.031) a* 0.106 (0.042) a* 
   
 
Floodplain 0.234 (0.020) a* 0.156 (0.035) a* 0.160 (0.024) a* 
   
 
Average 0.160 (0.015) a* 0.148 (0.012) a* 0.142 (0.016) a* 
   micro iPOM-C Summit 0.013 (.016) a -0.01 (0.008) a -0.045 (0.027) a ns ‡ ns 
 
Shoulder -0.003 (0.008) a -0.002 (0.009) a -0.012 (0.013) a 
   
 
Backslope 0.034 (0.016) a* 0.018 (0.012) a* 0.030 (0.007) a* 
   
 
Toe slope 0.025 (0.008) a* 0.001 (0.014) a 0.007 (0.006) a 
   
 
Floodplain -0.03 (0.026) a -0.033 (0.008) a* -0.011 (0.009) a* 
   
 
Average 0.008 (0.009) a -0.005 (0.006) a -0.006 (0.009) a 
   coarse frPOM-C Summit 0.248 (0.044) a 0.119 (0.011) ab 0.053 (0.035) b ‡‡‡ ‡ ‡ 
 
Shoulder 0.166 (0.023) a 0.034 (0.018) b 0.091 (0.008) ab 
   
 
Backslope 0.071 (0.011) a 0.058 (0.012) a 0.056 (0.015) a 
   
 
Toe slope 0.159 (0.02) a 0.033 (0.027) b 0.032 (0.025) b 
  
 
Floodplain 0.189 (0.022) a 0.059 (0.028) ab -0.012 (0.053) b 
   
 
Average 0.167 (0.018) a* 0.061 (0.011) b* 0.044 (0.015) b* 
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Table 2  continued       
        
fine frPOM-C Summit 0.016 (0.01) a* 0.013 (0.005) a* 0.009 (0.007) a* ns ns ns 
 
Shoulder 0.002 (0.008) a 0.006 (0.022) a 0.001 (0.019) a 
   
 
Backslope 0.015 (0.012) a 0.029 (0.006) a* 0.007 (0.003) a 
   
 
Toe slope 0.039 (0.008) a* 0.006 (0.006) b 0.042 (0.006) a* 
     Floodplain 0.020 (0.044) a 0.017 (0.009) a 0.007 (0.003) a 
    Average 0.019 (0.009) a* 0.014 (0.005) a* 0.014 (0.005) a*       
LM = large macroaggregates, SM = small macroaggregates, m = microaggregates, c=coarse, f=fine. Letters indicate significant 
difference among cropping systems. Capital letters indicate significant differences of means among cropping systems averaged 
across landscape positions, * indicates value is significantly (P<0.05) different than zero. ‡‡‡ P<0.001, ‡‡ P<0.01, ‡ P<0.05, 
ns=no significant difference.  
a
 CS=cropping system, LP=landscape position, CS x LP= interactive effect of CS and LP. 
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Table 3.  Percentage C of root tissue and unprotected (frPOM) and protected (iPOM) 
particulate organic matter fractions isolated from soil aggregates associated with three 
bioenergy cropping systems.  Data are based on 2012 samples. 
Crop root tissue 
LM-
iPOM 
SM-
iPOM 
micro-
iPOM 
coarse 
frPOM 
fine 
frPOM 
Switchgrass 46.1 34.5 32.7 27.3 25.8 11.3 
Triticale/ sorghum 36.0/ 35.1 31.3 31.7 26.0 20.8 10.9 
Cont. corn 38.9 33.4 32.2 24.8 22.5 10.8 
 LM-large macroaggregates; SM-small macroaggregates; micro-microaggregates. 
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Figures 
 
Figure 1. Change over three years (2009–2012) in the geometric mean diameter (GMD) 
of water stable aggregates of three cropping systems across landscape positions. Letters 
indicate significant differences (P<0.05) between cropping systems within a landscape 
position; bars represent one standard error; * indicates value is significantly different 
(P<0.05) from zero.   
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Figure 2.  Change in in unprotected (frPOM-C) and protected (iPOM-C) POM-C 
fractions between cropping systems.  LM = large macroaggregates, SM = small 
macroaggregates, micro = microaggregates.  Letters indicate significant differences 
(P<0.05) between cropping systems within each pool; bars represent one standard error; 
*indicates value is significantly different (P<0.05) from zero.
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Figure 3. Shifts in (A) macroaggregate (>250 µm) and (B) microaggregate (<250 µm) C 
content and amounts of unprotected (frPOM-C; filled circles, solid line) and protected 
(iPOM-C; open circles, dashed line) C within aggregates.    
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Figure 4. Rate of change of physically protected (iPOM) C pools averaged across 
landscape positions over three years. Letters indicate significant differences (P<0.05) 
between cropping systems; bars represent one standard error; *indicates value is 
significantly different (P<0.05) from zero. 
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Supplementary information 
Table S1. POM-C fraction (gC kg-1 soil) change (SE) among cropping systems and landscape positions for 2009 and 2012.  
    2009   2012 
Fraction 
Landscape 
position Switchgrass 
Triticale/ 
sorghum 
Continuous 
corn Switchgrass 
Triticale/ 
sorghum 
Continuous 
corn 
LM 
iPOM-C Summit 0.063 (0.013) 0.056 (0.018) 0.071 (0.035) 0.158 (0.073) 0.050 (0.009) 0.072 (0.038) 
Shoulder 0.051 (0.007) 0.053 (0.013) 0.048 (0.005) 0.078 (0.013) 0.053 (0.019) 0.069 (0.016) 
Backslope 0.037 (0.014) 0.064 (0.010) 0.075 (0.015) 0.123 (0.010) 0.086 (0.022) 0.115 (0.020) 
Toe slope 0.089 (0.028) 0.166 (0.049) 0.122 (0.016) 0.132 (0.044) 0.101 (0.009) 0.140 (0.049) 
Floodplain 0.213 (0.050) 0.153 (0.053) 0.155 (0.013) 0.292 (0.054) 0.159 (0.012) 0.131 (0.008) 
Average 0.090 (0.032) 0.098 (0.025) 0.095 (0.019) 0.156 (0.036) 0.090 (0.020) 0.105 (0.015) 
SM 
iPOM-C Summit 0.035 (0.006) 0.034 (0.006) 0.045 (0.009) 0.188 (0.020) 0.198 (0.040) 0.133 (0.034) 
Shoulder 0.054 (0.010) 0.051 (0.006) 0.055 (0.008) 0.226 (0.007) 0.209 (0.032) 0.242 (0.029) 
Backslope 0.053 (0.009) 0.053 (0.005) 0.027 (0.010) 0.199 (0.054) 0.201 (0.006) 0.202 (0.008) 
Toe slope 0.071 (0.007) 0.072 (0.012) 0.087 (0.008) 0.169 (0.018) 0.187 (0.025) 0.185 (0.044) 
Floodplain 0.071 (0.011) 0.073 (0.011) 0.091 (0.009) 0.300 (0.010) 0.225 (0.042) 0.245 (0.017) 
Average 0.057 (0.007) 0.057 (0.007) 0.061 (0.012) 0.216 (0.023) 0.204 (0.006) 0.0201 (0.021) 
micro 
iPOM-C Summit 0.031 (0.005) 0.047 (0.007) 0.076 (0.017) 0.039 (0.011) 0.038 (0.013) 0.032 (0.011) 
Shoulder 0.049 (0.006) 0.043 (0.007) 0.050 (0.016) 0.041 (0.003) 0.043 (0.004) 0.040 (0.003) 
Backslope 0.035 (0.006) 0.015 (0.005) 0.026 (0.007) 0.063 (0.013) 0.035 (0.010) 0.058 (0.011) 
Toe slope 0.022 (0.010) 0.032 (0.013) 0.035 (0.005) 0.043 (0.002) 0.034 (0.003) 0.044 (0.011) 
Floodplain 0.084 (0.024) 0.083 (0.018) 0.061 (0.008) 0.049 (0.008) 0.052 (0.015) 0.052 (0.002) 
Average 0.044 (0.011) 0.044 (0.011) 0.049 (0.009) 0.047 (0.004) 0.041 (0.003) 0.045 (0.005) 
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Table S1 continued        
         
coarse 
frPOM-C Summit 0.180 (0.042) 0.141 (0.030) 0.178 (0.022) 0.425 (0.071) 0.258 (0.033) 0.228 (0.042) 
Shoulder 0.126 (0.012) 0.163 (0.017) 0.183 (0.008) 0.296 (0.034) 0.201 (0.035) 0.279 (0.014) 
Backslope 0.148 (0.022) 0.167 (0.021) 0.140 (0.026) 0.209 (0.023) 0.214 (0.010) 0.187 (0.039) 
Toe slope 0.238 (0.014) 0.183 (0.031) 0.210 (0.017) 0.388 (0.033) 0.210 (0.032) 0.234 (0.041) 
Floodplain 0.117 (0.015) 0.171 (0.044) 0.150 (0.013) 0.319 (0.010) 0.248 (0.023) 0.154 (0.040) 
Average 0.162 (0.022) 0.165 (0.007) 0.172 (0.012) 0.328 (0.038) 0.226 (0.011) 0.217 (0.021) 
fine 
frPOM-C Summit 0.051 (0.006) 0.047 (0.008) 0.048 (0.012) 0.068 (0.014) 0.061 (0.004) 0.057 (0.008) 
Shoulder 0.057 (0.007) 0.054 (0.009) 0.071 (0.025) 0.059 (0.002) 0.060 (0.014) 0.072 (0.007) 
Backslope 0.040 (0.006) 0.033 (0.009) 0.039 (0.006) 0.054 (0.007) 0.062 (0.006) 0.046 (0.009) 
Toe slope 0.050 (0.009) 0.048 (0.005) 0.062 (0.002) 0.089 (0.017) 0.054 (0.007) 0.104 (0.008) 
Floodplain 0.053 (0.032) 0.040 (0.006) 0.045 (0.008) 0.073 (0.015) 0.057 (0.009) 0.052 (0.009) 
  Average 0.050 (0.003) 0.045 (0.004) 0.053 (0.006)   0.069 (0.006) 0.059 (0.001) 0.066 (0.10) 
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CHAPTER 5: 
  
DRIVERS OF SHORT-TERM SOIL CARBON STORAGE UNDER 
BIOENERGY CROPPING SYSTEMS ACROSS A LANDSCAPE GRADIENT 
 
A manuscript to be submitted to Ecosystems 
 
Todd A. Ontl, Lisa A. Schulte, Randall K. Kolka, Cynthia A. Cambardella,  
and Kirsten S. Hofmockel 
 
Abstract 
Prompted by the emerging bioenergy industry, conversion of land use in agricultural 
landscapes is expected to alter belowground carbon (C) dynamics leading to widespread 
changes in soil C storage. ‘Marginal’ areas—lands not well-suited for annual row 
crops—have been targeted for production of bioenergy crops such as perennial grasses, 
due to substantial productivity and the numerous environmental benefits derived from C 
storage. The physical protection of soil organic matter (SOM) within soil aggregates has 
been identified as a critical process for C storage that responds rapidly to changes in land 
use and soil management. Mechanistic understanding of the belowground C cycling 
processes that lead to C storage has shown the importance of roots, microbes, and soil 
fauna for soil aggregation. These effects have largely been quantified under stable soil 
conditions, however, and the relative importance of variation in soil conditions on 
belowground C cycling processes remains unknown. Using structural equation 
modeling, we show that variation in soil properties representative of heterogeneous 
agroecosystems has short-term impacts on C cycling processes, leading to differences in 
the changes to SOM pools, including physically protected C occluded with soil 
aggregates (iPOM-C). Four soil properties (sand content, total nitrogen, labile C, and 
aggregation) affected aggregation change over the three years in this bioenergy cropping 
system study. Changes in the iPOM-C pools over this period were positively affected by 
shifts in aggregation and increased root biomass. Root properties were largely affected 
by cropping system, but annual root C inputs were influenced by soil texture and bulk 
density. Root C inputs had strong positive effects on unprotected, or inter-aggregate, 
(frPOM-C) C pools. However, the causal link between root biomass and soil aggregation 
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change predicted by previous studies taking place under stable soil conditions were not 
significant. The lack of a causal link between root characteristics and aggregation 
suggests that across heterogeneous landscapes the effects of soil conditions are the 
primary short-term drivers of C storage. Overall, our results demonstrate that both 
bioenergy cropping system and soil conditions are important for short-term C storage 
mechanisms, which may improve process-based models of soil C dynamics and allow 
for more accurate scaling of soil C data under future land-use scenarios. 
Introduction 
Change in land use and management profoundly affects belowground C cycling, altering 
soil C stocks and the ecosystem benefits derived from them. Replacement of native 
ecosystems by agriculture has reduced soil organic C (SOC) stocks by 25–75% (Lal 
2004); however, several agricultural management strategies can begin to reverse this 
trend. Agricultural practices such as reduction or cessation of tillage can restore some of 
this lost C (West and Post 2002) by decreasing the physical disturbance of soil that 
accelerates SOC decomposition (Paustian and others 1997).  The conversion of cropland 
back to perennial vegetation may result in the greatest and fastest gains in soil C (Post 
and Kwan 2000; Gou and Giffords 2004), primarily through increased C allocation 
belowground to roots (Slobodian and others 2002; Liebig and others 2005; McLauchlan 
and others 2006) and the associated impacts to soil biota (Hooper and others 2000; 
Wardle 2004). Much of the C accrued from reduced tillage and increased belowground 
C allocation is associated with soil aggregates (Grandy and Robertson 2007), chiefly the 
particulate organic matter (POM) fraction physically protected within aggregates 
(Cambardella and Elliott 1993).    
Significant impacts to SOC stocks and net greenhouse gas (GHG) emissions 
from soils are expected with potential shifts in land use and management from bioenergy 
feedstock production on agricultural lands (Robertson and others 2011). Perennial 
bioenergy crops alter patterns of biogeochemical dynamics (Davis and others 2011) and 
belowground C cycling (Anderson-Teixeira and others 2013) compared to row crops, 
resulting in lower GHG fluxes and net soil C storage. The environmental benefits of 
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perennial feedstocks are particularly salient considering the potential for production on 
lands not well suited for row crops due to the potential for erosion, frequent flooding or 
edaphic limitations (Tilman and others 2006; Field and others 2008). Production of 
perennial-based cropping systems on these ‘marginal’ lands has the potential to produce 
both substantial biomass while concurrently reducing GHG emissions and increasing 
soil C stocks (Gelfand and others 2013). While it is likely that ecosystem function  is 
altered by conversion to perennial bioenergy crops, the type and level of function may 
depend on the location within the landscape (Dale and others, 2011). The impacts of 
variation in environmental factors on soil C dynamics, particularly the short-term 
changes in belowground C allocation and linkages with the physical protection of SOM, 
are not well understood. 
The ecosystem components that influence soil aggregation have been known 
since the early 20th century (Six and others 2004); these include the activities of soil 
microbes and fauna, roots, inorganic binding agents, and the effects of environmental 
variables. The central role of clay–organic matter that form microaggregates <53 µm and 
physically protect organic matter from microbial decomposition was recognized by 
Edwards and Bremner (1967). Tisdall and Oades (1982) proposed the aggregate 
hierarchy concept that described the different factors important for the formation of 
various sized aggregates. Their model suggests microaggregates are formed from 
persistent binding agents—such as humified organic matter—while macroaggregates 
>250 µm are bound together by roots, fungal hyphae, and microbial- and plant-derived 
polysaccharides. Oades (1984) further suggested that as the root and hyphal networks 
binding macroaggregates break down, the microbial by-products of their decomposition 
act to bind together microaggregates within macroaggregates.  
Experimental evidence has provided strong support for the causal effects of 
biotic factors on soil aggregation. In particular, modeling causal relationships through 
structural equation modeling (SEM) has indicated the importance of roots as a primary 
driver of soil aggregation. The causal effects of fine roots (<1 mm diameter) on 
aggregation has been demonstrated in experiments in grasslands where root and root-
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associated arbuscular mycorrhizal fungal vary across a restoration chronosequence 
(Miller and Jastrow 1990; Jastrow and others 1998) or within natural communities 
(Rillig and others 2002). In particular, fine roots directly affect aggregate formation by 
enmeshing soil and exuding compounds that result in the binding of soil particles (Morel 
and others 1991), as well as indirectly through impacts on the abundance of arbuscular 
mycorrhizal fungal (Miller & Jastrow, 1990; Jastrow and others 1998; Rillig and others 
2002). Arbuscular mycorrhizal fungi produce glomalin, a stable glycoprotein that serves 
as an important soil binding agent (Wright and Uppadhyaya 1998; Rillig and Mummey 
2006; Wilson and others 2009). Jastrow and others (1998) showed that roots also 
enhanced total microbial biomass including bacterial biomass, which positively affected 
macroaggregate formation independent of fungal hyphae. Results from Zhang and others 
(2012) suggest both a direct relationship of microbial biomass on aggregate C content as 
well as an indirect relationship through increases to soil glomalin. Soil biota such as 
colembolla (Siddiky and others 2012a, 2012b) and nematodes (Zhang and others 2013) 
have been shown to effect aggregation. Although causal relationships with root biomass 
were not characterized in these studies, recent work has shown strong positive links 
between root biomass and the abundance of nematodes and several taxa of mesofauna 
(Eisenhauer and others 2013). Previous results suggest that altered structure of soil food 
webs and changes in root biomass effect belowground C cycling and the mean residence 
time of different SOC pools (Reid and others 2012). 
While the importance of biotic factors to soil aggregation—primarily through the 
influence of root biomass on higher trophic levels of the soil food web—have advanced 
knowledge of plant-driven factors on aggregation, these studies have largely been 
conducted under constant soil conditions. Less well understood is the relative impact of 
abiotic factors, namely soil properties, on mechanisms impacting soil aggregation. 
Working across land uses of differing intensities (mowing, grazing, and fertilization), 
Barto and others (2010) investigated the influence of both biotic and soil factors on soil 
aggregation at a regional scale. Importantly, their study included the influences of a 
number of soil properties such as soil nitrogen, SOC, carbonate levels, and soil texture 
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on root lengths, arbuscular mycorrhizal fungi, and soil aggregation. However, their 
analyses did not quantify the effects of varying temperature and precipitation (Fischer 
and others 2010) that may be contributing factors to the biotic effects on soil 
stabilization at landscape scales (Chaudhary and others 2009). Despite this, their results 
indicate that edaphic conditions, namely sand and carbonate content, were the principal 
factors determining aggregation; roots and arbuscular mycorrhizal fungal hyphae were 
not significant variables in their final model. These results suggest that impacts of soil 
properties may overwhelm the influence of biotic factors on soil aggregation at broad 
spatial scales. However, the extent to which this is true across heterogeneous agricultural 
landscapes is largely unknown. 
Beyond extending the recognition of both the biotic and abiotic factors to 
aggregation, analyses of soil property effects allows for an understanding of the relative 
contributions these processes across heterogeneous landscapes—critical for considering 
C dynamics on both productive and more marginal lands important in bioenergy 
production scenarios. Empirical linkages between process responses and variation in 
environmental drivers throughout the range of expected values produced by 
heterogeneous landscapes is necessary for deepening our understanding of pattern-
process relationships (Turner 2005) and scaling estimates of soil C storage to the 
landscape and beyond (Osmond and others 2004). Characterizing these complex 
interactions between edaphic factors and the root-SOM continuum must be addressed to 
accurately parameterize mechanistic models necessary for prediction across landscapes, 
particularly considering future changes in climate (Gustafson 2013). Previous studies 
addressing causal influences on aggregation have not typically included the impacts of 
abiotic factors on aggregation or extended these analyses to measured responses on 
individual soil C pools.  
Here we address these dual limitations in the knowledge of SOC dynamics by 
investigating causal relationships between soil properties, root characteristics, 
aggregation change, and changes in soil C pools (Fig.1).  Based on the literature 
reviewed above, we predicted soil variables such as texture and nutrient content would 
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have a direct influence on changes in aggregation as well as an indirect influence 
through impacts on root lengths and standing crop root biomass. Furthermore, we 
expected root length, biomass and change in soil aggregation to increase physically 
protected (iPOM) and unprotected (frPOM) C pools. Additionally, we hypothesized that 
soil texture and nutrient levels impact annual C input through root productivity and 
positively influence both the frPOM-C and iPOM-C pools.  
Materials and Methods  
Site Description and Design 
The Landscape Biomass Project (http://www.nrem.iastate.edu/landscapebiomass/) is a 
bioenergy cropping system study initiated in fall of 2008 at Iowa State University’s Uthe 
Research and Demonstration Farm in Boone County, IA, USA. The study consists of 
five bioenergy cropping systems replicated three times on each of five landscape 
positions situated across a topographic gradient.  This study was conducted between 
2009 and 2012 and included three of the cropping systems: switchgrass (Panicum 
virgatum L., cultivar: “Cave-In-Rock”), continuous corn (Zea mays L.), and a 
triticale/sorghum double crop consisting of a winter annual crop (triticale, x 
Triticosecale Wittm.) seeded in the fall following the harvest of sorghum (Sorghum 
bicolor L. Moench). Plots are sited on two Mollisols consisting of five soil series that 
ranged from fine-textured, poorly-drained soils to coarse-textured, excessively-drained 
soils across the five landscape positions (Soil Survey Staff 2013). Of the 45 plots in the 
study, 20 plots (44%) are located on soils considered prime farmland (Soil Survey 
Division Staff 1993); 16 plots (36%) were on soils classified as highly erodible lands 
due to excessive slopes, and 9 (20%) were on floodplain soils with occasional flooding 
frequency (ISPAID 2010; Miller and others 2010). All soil series have high cation 
exchange capacity relative to clay content and consist of mixed mineralogy. A full 
description of the experimental design and site soil conditions can be found in Ontl and 
others (2013); cropping system fertilization rates are described in Ontl and others 
(Chapter 3).  The 35-ha site was managed for annual row crop production for > 50 years 
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prior to project establishment; plots were converted to no-till management for the 
duration of this study. 
Model variables 
Soil properties represented as exogenous variables in the structural equation models (all 
model variables are indicated in italics) were measured at the initiation of the 
experiment. Eight soil variables were measured from samples collected on 28 October 
2009 within each plot to 20 cm depth and composited into a single sample. Geometric 
mean diameter (GMD) of soil aggregates was determined by wet sieving three 
subsamples taken from 8-mm sieved soil, air-dried to a consistent weight according to 
Elliot (1986). Four aggregate size classes were isolated: large macroaggregates (>2000 
µm), small macroaggregates (250–2000 µm), microaggregates (53–250 µm), and silt- 
and clay-sized particles (<53 µm). Sand content of aggregate fractions >53 µm was 
estimated from one subsample, and particulate organic matter (POM) C pools were 
isolated from another.  Aggregate fractionation, isolation of POM pools (<2 mm), and 
analysis of POM-C content are described in Ontl and others (Chapter 3).  The variable 
representing soil labile C content (labC) was estimated from free and released POM 
(frPOM) C contents.  Sand content (sand), soil organic C (SOC), total soil N content 
(totN), pH (pH), potassium (K) and phosphorus (P) concentration were determined from 
2-mm sieved soil. Saturated hydraulic conductivity (Ksat) was measured within plots 
(n=3) in the top 10 cm of soil between June and August of 2009 (Precision Permeameter, 
Johnson Permeameter LLC, Fairfax, VA) to estimate water infiltration rates; depth of the 
A horizon (Adep) and bulk density (BD) were measured from samples collected from the 
field between June and November 2009 using a Giddings Soil Probe (#15 Series, 
Giddings Machine Company, Windsor, CO).   Details for the measurement of these 
variables are given in Ontl and others (2013).  
Measurement of root variables is detailed in Ontl and others (2013). Annual root 
production was measured to 20 cm depth using root ingrowth cores (n=3 per plot) during 
the 2011 growing season. The maximum standing crop biomass of roots was estimated 
from three soil cores in each plot collected to a depth of 20 cm at the time of crop 
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flowering. All belowground biomass was recovered from root ingrowth cores; for 
standing crop soil cores, dead roots and crown nodes (if present) were removed and only 
live roots and rhizomes included.  All root samples were hand-sorted in deionized water 
and roots recovered by filtering cleaned samples through 250-µm mesh. Root tissue from 
ingrowth cores was ground in a ball mill and C content quantified using a TruSpec 
Micro CHNS elemental analyzer (LECO Corporation, St. Joseph, MI) to determine 
annual root C inputs (rootC). Roots from standing crop biomass samples were weighed 
to estimate the biomass of root standing crop (stcrop), then scanned on a flatbed scanner 
at 400 dpi resolution, and images processed with WinRHIZO 2012b (Regent Instruments 
Inc., Quebec City, Canada) to determine root lengths. Root length density (RLD) was 
determined by dividing root lengths by the sample volume.  
Plots were resampled on 7 November 2012 using the same methods for 
collecting soil samples as in 2009.  Soil aggregate size classes were isolated from three 
subsamples to determine GMD for the 2012 samples. Soil aggregation changes (agg) 
were determined by subtracting average 2009 GMD values for plots from average 2012 
plot values. Unprotected POM (frPOM) and physically protected POM (iPOM) were 
isolated using a density fractionation sequence on individual soil aggregate size classes 
from samples collected in 2009 and 2012 (Ontl and others Chapter 3). POM fractions 
were ground and C content was determined by elemental analysis. Total C content for 
POM fractions was determined by summing values of large and small macroaggregates 
and microaggregates for frPOM and iPOM within each year. Change in frPOM-C 
(fpomC) and iPOM-C (ipomC) were determined by subtraction.  
All data were log-transformed to meet assumptions of normality when necessary. 
Non-normal data with values <0 were linear-transformed prior to log-transformation; 
additionally, endogenous variables were rescaled using linear-transformation when 
necessary. Bivariate relationships for a priori pathways were screened for linearity prior 
to analyses. 
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Structural equation modeling 
We used results from previous studies at our study site (Ontl and others 2013a; Chapter 
4) to inform the initial development of the structural equation model (SEM; Fig. 2) 
describing the causal relationships between soil properties, root characteristics, and 
changes in soil aggregation and C pools over time. Using multiple response permutation 
procedures (MRPP), Ontl and others (2013a) showed that landscape positions at this site 
differed according to a suite of soil physical, chemical, and biological properties. These 
results suggest that the soil properties hypothesized to be drivers of root characteristics 
and aggregation vary considerably across the topographic gradient. Furthermore, results 
from analysis of variance indicated annual root production was shown to vary between 
the three cropping systems (continuous corn, switchgrass, and triticale/sorghum), while 
landscape position affected root productivity within the switchgrass system. Multiple 
linear regression analysis suggested that switchgrass root production was influenced by a 
number of soil properties, of which sand content was the most significant as shown by 
stepwise model selection. Both cropping system and landscape position effects on 
changes in soil aggregation, frPOM-C, and iPOM-C are detailed in Ontl and others 
(Chapter 4). Changes in soil aggregation were highest under switchgrass, which 
corresponded to the largest gains in both coarse (250-2000 µm) frPOM-C and large 
macroaggregate iPOM-C. Overall, results from these studies indicate topography and 
multiple cropping systems provides sufficient variation in soil and root characteristics 
for regression analysis on changes in aggregation and POM C pools. Multiple regression 
techniques can indicate which variables are important for a process of interest, but do not 
show how variables interact with each other to produce overall effects. Structural 
equation modeling is used here to provide additional information on causal relationships 
between variables that are not indicated with standard regression techniques.  
The initial model included 11 exogenous variables measured in 2009 that 
represent the chemical, physical, and biological soil properties, endogenous variables 
included three measures of root characteristics, the change in soil aggregation between 
2009 and 2012, and the changes in both frPOM-C and iPOM-C pools (Table 1). 
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Relationships between soil variables, root characteristics, aggregate change, and POM 
pool changes were analyzed in R v 3.0.1 (R Core Team 2013). Pearson’s correlation 
coefficients were determined from pairwise comparisons, and variance-covariance 
among variables was estimated. Differences in standing crop root biomass and root 
length density (RLD) among cropping systems were determined by analysis of variance 
(ANOVA) with Tukey HSD adjustments for multiple comparisons; relationships 
between standing crop root biomass and RLD were compared using analysis of 
covariance (ANCOVA).  
To analyze the inter-relationships between variables in our a priori model we 
used SEM with the lavaan package (Rossel 2012) in R. SEM is a quantitative statistical 
framework to analyze complex hypotheses consisting of networks of relationships 
between variables (Shipley 2000; Grace 2006; Kline 2011).  SEM involves comparisons 
of model-implied covariance structure with actual covariance structure of data to 
evaluate data-model consistency by determining the overall model fit, typically using the 
Chi-square (χ2) statistic. Parameter estimation to determine strengths of relationship 
between variables within the model while controlling for covariance between exogenous 
variables was estimated using maximum likelihood methods.   
To inform the specification of the full model, we worked in a backwards 
direction from hypothesized effects on soil C pools to hypothesized causes from soil 
properties in several phases. Approaching specification of complex models with 
numerous hypothesized relationships in multiple phases is a useful approach to manage 
model complexity and focus in the most important causal effects (Grace and Keeley 
2006). Initially we constructed models containing significant paths from aggregate 
change (agg) and root characteristics (rootC, stcrop, RLD) with direct influence on 
changes in both soil C pools ipomC and fpomC and their interrelationships. Models were 
determined by iteratively removing pathways from indicator variables with P-values for 
path coefficients that were not statistically significant (P≥0.05) until all predictor 
variables in the models were significant. Next we considered two sub-models consisting 
of paths between soil properties and a) changes in aggregation (agg) and b) root 
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characteristics that were significant for soil C pools. Both the aggregate and root sub-
models began with paths from all soil properties, and sub-model structure was 
determined by removing pathways from indicator variables until all predictor variables 
in each sub-model were significant. Additionally, soil property influences on root 
characteristics were analyzed for each cropping system using multi-group analysis in 
SEM (Grace & Jutila, 1999).  
After determining the structure of the three individual sub-models, we specified a 
full structural equation model of causal relationships between soil variables, aggregate 
change, and root characteristics influencing changes in frPOM-C and iPOM-C. We used 
the chi-square (χ2) statistic to assess the overall significance of model goodness of fit to 
data; a low χ2 and a high P value (P>0.05) suggest there is little difference between the 
model and data, indicating a significant model (Shipley 2000; Grace 2006). Model 
optimization was an iterative process based on examination of modification indices and 
standardized residuals generated by the lavaan package; these outputs indicate potential 
missing paths that may improve model goodness of fit when included in a revised model. 
Causal paths that were not significant were removed and model goodness of fit re-
evaluated. A model was determined to be significant with a χ2 P-value >0.05; 
additionally, because χ2 test statistic can be sensitive to sample size, Kline (2011) 
recommends the evaluation of other measures of model fit less sensitive to sample size: 
model goodness of fit is indicated by a Root Mean Square Error of Approximation 
(RMSEA) <0.05 with a lower 90% confidence interval near 0 (MacCallum and others 
1996); the Comparative Fit Index (CFI) >0.9, and the Standardized Root Mean Square 
Residual <0.08 (Hu & Bentler 1999). Akaike Information Criterion (AIC) was used to 
determine the most parsimonious model among multiple significant models of differing 
complexity (Grace 2006), with lower AIC indicating a better model; differences in AIC 
>10 indicate models are not equivalent (Akaike 1974). 
Parameter estimates, also referred to as path coefficients, are estimated for each 
causal relationship within the model; coefficients are expressed in standardized or 
unstandardized form. Standardized coefficients represent variance relationships—the 
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amount of change in standard deviation units of the dependent variable per one standard 
deviation change in the independent variable—and are commonly depicted in network 
diagrams to quantify causal effects.  Unstandardized coefficients are based on direct 
relationships between variables and represent change in the dependent variable resulting 
from a unit change in the independent variable (Grace and Bollen 2005). 
Results 
Variables in the full SEM showed high variability across the 45 plots included in the 
study (Table 1). Soil properties with the lowest coefficient of variation (CV) included 
soil pH and bulk density, while saturated hydraulic conductivity and the depth of the A 
horizon had the greatest CV.  Change in aggregation had the largest range in values of 
all variables and highest CV. Root C inputs differed among the three cropping systems 
with significantly higher inputs under switchgrass (P<0.0001) compared to the triticale/ 
sorghum and continuous corn systems (Fig. 3A). Additionally, standing crop root 
biomass was significantly affected by cropping system (Fig. 3B). Belowground biomass 
under switchgrass averaged 468 g m-2, which was significantly higher than the triticale/ 
sorghum system (307 g m-2, P<0.0001); continuous corn root biomass (93 g m-2) was 
lower than triticale/ sorghum and switchgrass (P<0.0001). RLD also differed among all 
three of the cropping systems (P<0.0001), with switchgrass having length densities 
intermediate to triticale/ sorghum and corn (Fig. 3C). ANCOVA results suggested that 
belowground biomass and root lengths were significantly related to one another (Fig. 4), 
but with a significantly different slope of the root length-root biomass ratios for 
switchgrass compared to the two annual systems (P<0.0001). Despite these differences 
among cropping systems, the coefficient of variation (CV) in root characteristics (CV of 
0.44 to 0.63) was similar to that observed in soil C pool changes with the exception of 
soil pH and bulk density (CV of 0.05 and 0.1, respectively) and change in aggregation 
(CV of 2.08). Changes in aggregation, frPOM-C, and iPOM-C included negative values, 
although means when combining all replicates were positive for all three variables, 
indicating an overall increase in aggregation and soil C pools over time.   
Sub-model specification 
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Specification of sub-model structure for factors influencing soil C pools showed not all 
hypothesized pathways were significant for changes in iPOM-C and fPOM-C. Shifts in 
iPOM-C were affected by both changes in aggregation and standing crop biomass of 
roots, while change in frPOM-C were influenced solely by annual root C inputs. 
Contrary to our a priori hypothesis, root characteristics did not significantly influence 
aggregate change. Furthermore, no significant paths were identified for RLD influences 
on either soil C pool. Sub-models specification showed five soil properties influenced 
shifts in soil aggregation and root characteristics. Changes in aggregation were 
influenced by four soil properties: GMD, labile C content, total N levels, and sand 
content (Table 2), explaining 38% of the variation. Soil sand content and bulk density 
were significant for annual root C inputs (Table 3) with 20% of the variance explained. 
Multi-group SEM showed that soil variables influenced root C inputs differently 
among the three cropping systems: switchgrass was significantly affected by sand 
content (P=0.05); the combination of sand content (P=0.05) and bulk density (P=0.02) 
affected continuous corn; but no variables were significant for root C inputs under 
triticale/sorghum (Table 4). No soil properties were found to be significant for root 
standing crop biomass (Table 5) suggesting that variation in this factor was driven 
principally by cropping system.  
Full structural equation model 
All soil properties identified through sub-model specification were significantly 
correlated (Table 6).  Additionally, aggregate change was strongly correlated to sand 
content (P=0.024) and iPOM-C (P=0.002).  The root characteristics representing root C 
input and standing crop root biomass were significantly correlated with one another 
(P<0.001). Standing crop root biomass was significantly correlated with both iPOM-C 
(P=0.016) and frPOM-C (P<0.001), while root C inputs and frPOM-C were strongly 
related (P<0.001). Additionally, soil C pools were correlated with one another 
(P=0.031).  
A full SEM was specified indicating the causal relationships between variables 
identified from the component sub-models (Figure 5A). A second reduced model was 
103 
 
 
 
specified that did not include standing crop root biomass, due to the lack of influence 
from soil variables (Figure 5B). However, the reduced model showed lower variance 
explanation for both iPOM-C (R2=0.24) and frPOM-C (R2=0.36). Model tests showed 
both full and reduced models had a significant goodness of fit based on evaluation of the 
χ
2 test statistic, RMSEA, CFI, and SRMR (Table 7). The most parsimonious model 
based on comparison of AIC values was the full model that included standing crop root 
biomass (AICfull= -1069; AICreduced= -1050).   
Overall, soil properties influenced changes in both soil C pools indirectly through 
impacts to changes in aggregation and root characteristics (Table 8). In contrast to our 
hypothesized model, paths from root properties to aggregation were not significant. Of 
the four soil properties that influenced aggregate changes, three had a negative influence: 
higher values of soil GMD, total soil N, and sand content all reduced changes in 
aggregation between 2009 and 2012 and explained 38% of the variance. Sand content 
had the strongest influence based on standardized coefficients. Higher values of labile C 
sources represented by frPOM biomass had a positive influence on aggregation changes. 
Sand content had a positive influence on, while bulk density negatively impacted, root C 
input; together they accounted for 20% of the variance. Change in aggregation and 
belowground biomass both positively influenced shifts in iPOM-C (R2=0.28), while root 
C inputs has a positive effect on frPOM-C (R2=0.41).  Total effects of soil properties and 
root characteristics on C pools (Table 9), which shows the influence across multiple 
pathways (combining both direct and indirect effects), suggested that sand content was 
the soil property with the largest effect on iPOM-C change, while shifts in frPOM-C 
were most influenced by soil bulk density. 
Discussion 
Here we show short-term changes in soil C pools from conversion to bioenergy 
production and tillage practices vary across a heterogeneous agroecosystem due to 
landscape effects on belowground C cycling process. Using DAYCENT (Parton and 
others 1998)—a process-based C cycling model—Robertson and others (2011) show soil 
C fluctuations following conversion of conventionally-tilled croplands to bioenergy 
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feedstock production is affected by cropping system.  A net accrual of soil C occurred 
under a no-till corn-soy rotation and switchgrass; conversion to switchgrass resulted in 
highest soil C storage after 10 years. Field studies suggest that higher C storage results 
from altered belowground C cycling pathways under perennial bioenergy crops relative 
to annual row crops (Anderson-Teixeira and others 2013), largely stemming from 
increased belowground C allocation and root biomass.  Beyond these strong effects of 
vegetation, our results suggest that site-specific conditions may impact belowground C 
cycling processes important for improving process-based models and scaling of soil C 
storage estimates to landscape scales.   
Topographic and land use effects on drivers of soil C pools 
Assessing ecosystem C fluxes across environmental gradients is key for understanding 
process drivers at landscape scales that may differ from effects of factors at finer scales 
(Turner 2005). Additionally, landscape-scale evaluation of factors impacting SOC 
dynamics within agroecosystems must include effects on processes under multiple land-
cover and land-management scenarios (Viaud and others 2010). We observed 
topography and cropping system affected the observed variation in factors included in 
the final SEM. Previous studies at our site concluded that landscape positions were 
distinct from one another based on multivariate analysis of soil properties, with 10 of the 
11 variables differing across the topographic gradient (Ontl and others 2013), similar to 
other studies assessing the effects of topography on soil properties. For example, soil 
organic C and N typically vary in response to topography (Schimel and others 1985; 
Wood and others 1990; Burke and others 1999) due to the effects of soil redistribution, 
ultimately impacting many other properties such as thickness of the A-horizon (Pennock 
and others 2004), soil texture (Lance and others 1986), and soil aggregation 
(Cambardella and others 2004; Guzman and Al-Kaisi 2011). Additionally, cropping 
systems significantly affected the three root properties (Fig. 3) included in the a priori 
model (Fig. 2). C input to the soil was highest under switchgrass, resulting from the 
highest rates of annual root production among the cropping systems (Ontl and others 
2013) and the higher C content of switchgrass root tissue (Ontl and others Chapter 4). 
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Similarly, root biomass was highest under the perennial switchgrass system relative to 
the two annual systems, consistent with similar studies comparing annual crops and 
perennial grasses for bioenergy (Anderson-Teixeira and others 2013). RLD was highest 
in the triticale/ sorghum system, likely due to the production of two crops throughout the 
growing season, and lowest in corn roots. The comparison of RLD and belowground 
biomass revealed a strong linear relationship in the annual crops that differed 
significantly for switchgrass roots, indicating a larger average diameter of switchgrass 
roots compared to the annual crops, similar to the results of Monti and Zatta (2009). 
Overall, changes in aggregation were affected by topography, cropping system, and their 
interaction (Ontl and others Chapter 4).  
Structural equation models 
SOM is derived from plant biomass inputs to the soil and the microbial by-products 
derived from their decomposition. At any given site the quantity and quality of SOM is 
dependent on the interplay of site conditions and biological limitations (Stockman and 
others 2013). Our results show fluctuations in soil C pools at landscape scales were 
affected by both site-specific soil properties and root characteristics. Similarly, 
Senthilkumar and others (2009) showed long-term SOC stock responses to management 
practices in agroecosystems were ultimately affected by the influences of topography on 
soil properties and processes. The use of structural equation modeling showed changes 
in unprotected C pools (frPOM-C) and physically protected C (iPOM-C) were 
influenced by unique factors.  Consistent with our a priori hypothesis, changes in 
aggregation strongly influenced shifts in protected C, due to the entrapment of POM 
within newly formed aggregates. Jastrow (1996) linked the changes in soil C following 
conversion of cropland to grassland to the increase in aggregation, particularly the 
formation of macroaggregates. Over time, stabilization of macroaggregates leads to the 
formation of stable microaggregates within macroaggregates (Angers and others 1997; 
Gale and others 2000b). Previous analyses at this site indicate that the effects on iPOM-
C fluctuations are principally due to increases in macroaggregates (Ontl and others 
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Chapter 4), indicating that aggregate destabilization and release of microaggregates has 
not occurred over the time scale of this study.   
Fluctuations in iPOM-C were positively influenced by belowground biomass of 
roots, indicated by the higher variance explanation and improved goodness of fit of the 
full model including the standing crop root biomass variable (Table 7). Previous studies 
revealed root lengths as significant factor influencing aggregate formation (Miller and 
Jastrow 1990; Jastrow and others 1998); in contrast our results suggest standing crop 
root biomass, a simple root variable to measure, was significant whereas the more 
difficult to measure root length was not. However, the a priori model hypothesized an 
indirect effect of root biomass and/or lengths on iPOM-C through the influence on 
aggregation, which was not shown to be significant in our final model. Tisdall and 
Oades (1982) hypothesized that macroaggregate formation was induced by the binding 
action of root and fungal hyphae entanglement and microbial-derived binding agents; 
Golchin and others (1994) further suggested these microbial binding agents were derived 
from plant biomass inputs. Additionally, in untilled agroecosystems the source of the 
occluded POM is primarily root biomass (Gale & Cambardella, 2000; Gale and others 
2000a). Thus roots have dual impacts to iPOM-C: inducing aggregate formation and 
serving as the source of iPOM. Results of the SEM suggest that at our site, the short-
term impacts of root biomass to iPOM are principally as a source of SOM. However, the 
connections to aggregate formation driven by root biomass (Miller and Jastrow 1990; 
Jastrow and others 1998) and mediated by soil fauna (Zhang and others 2013) and 
microbes (Rillig and others 2002; Wilson and others 2009, Zhang and others 2012) were 
not detected here. This may be a result of the short time span of the study, and may 
further emphasize the significance of connections between measures of root biomass and 
microbial abundance and/or activity in studies of SOC dynamics. For example, 
Hargreaves and Hofmockel (2013) detected enhanced microbial enzyme activity under 
switchgrass plots with higher belowground biomass relative to annual cropping systems. 
Thus, further model refinement using data on microbial biomass and estimates of 
microbial enzyme activities within this study are warranted.  
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Our final model revealed that changes in soil aggregation were affected by soil 
properties, specifically sand content, total soil N, labile C content, and GMD. Thirty 
eight percent of the variation in aggregate change was explained by our model, similar to 
the results of others studies. Barto and others (2010) found biotic and abiotic variables 
explained 43% of the variation in aggregation, whereas Chaudhary and others (2009) 
found factors included in their model explained 35% of the variation in aggregation in 
the surface (top 1 cm) and 54% in the subsurface (15 cm depth) soils. Influence of these 
soil attributes may be due to impacts to soil-OM interactions and influence on bacterial 
and fungal communities that produce binding agents important for aggregate formation 
(Six and others 2006). The importance of soil texture for the stabilization of aggregates, 
particularly fine soil particles such as silt and clay, was recognized early in SOM 
research (Harris and others 1966). Thus the negative influence of sand on aggregation 
relates to the low surface area and chemical reactivity of sand particles, typically 
composed or quartz, relative to the high surface area and negatively charged surfaces of 
fine soil particles. Labile C pools in the form of unprotected POM may act as an 
important C source for microbes that induce the formation of aggregates from microbial 
byproducts that serve as binding agents (Golchin and others 1994) through their 
association with mineral surfaces (Plaza and others 2013). The negative influence of 
total N effects on aggregate change may be similarly due to effects on microbial 
biomass. N addition studies have shown negative effects of elevated N to microbial 
biomass (Treseder 2008), which were correlated with negative effects on light fraction 
(POM) C contents in soil (Liu and others 2013). However, we interpret these results with 
caution in light of other studies showing no effect of N additions on soil microbial 
biomass (Allison and others 2008) or positive effects of N addition on microbial biomass 
(Cusack and others 2011), despite similar effects on light fraction C pools. Finally, the 
negative influence of GMD on aggregate change suggests that the most aggregated soils 
at our site had the least change in aggregation. Results from Stewart and others 
(2008a,b) indicate that the physically protected C pool resulting from aggregation may 
saturate due to limits in soil clay content; thus, soils at or near saturation capacity should 
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change the least in response to increased C inputs relative to soils with large C saturation 
deficits (Stewart and others 2008a). Estimation of C saturation deficits for soils at our 
site based on Stewart and others (2007) showt that floodplain soils with the highest 
GMD at the beginning of the study had the lowest C saturation deficits (Table 10), 
suggesting that potential saturation of physically protected C pools may have influenced 
aggregation changes. However, due to the conversion to no-till management at the 
beginning of the experiment and the unknown implications to changes in the effective 
saturation capacity (Stewart and others 2007), we did not include C saturation deficits as 
a factor in our SEM analyses.     
Similar to our results, Barto and others (2010) found that at a regional scale 
differences in soil aggregation among various land uses was influenced principally by 
soil factors, including sand and carbonate contents, and that biotic factors were not 
significant. Their study assumed steady state conditions with respect to the various land 
uses (grazing and mowing of pastures) and did not measure changes over time. We 
interpret these results to suggest that, at landscape scales, soil properties may be the 
driving force for soil aggregation, outweighing the importance of roots on aggregate 
dynamics. However, relative contributions of abiotic and biotic factors to aggregation at 
landscape scales may vary across ecosystem types. Working in arid ecosystems, 
Chaudhary and others (2009) used SEM to show soil and climate factors contributed 
directly to soil aggregate stability as well as indirectly through impacts to biotic factors 
(plant cover, and abundance of biological soil crusts and mycorrhizae). Our results show 
annual root C inputs influenced frPOM-C emphasizing the importance of freshly derived 
root biomass as a source for unprotected SOC (Golchin and others 1994; Gale and others 
2000b). Due to the rapid turnover of unprotected POM relative to other SOC pools 
(Oades 1984; Elliott and Coleman 1988), it stands to reason that the rate of C input from 
root productivity would have the strongest influence of the root characteristics measured 
on frPOM-C. The significant covariance between frPOM-C and iPOM-C reveals the 
strong linkage between the two C pools because fresh plant residue is the common 
source for both (Six and others 2000).  
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Our model indicates that soil sand content and bulk density influenced overall 
root C inputs, although variance explanation was low (R2=0.20) due to the significant 
influence of cropping system on root productivity (Fig. 3). Similarly, the large 
differences between cropping system on standing crop root biomass resulted in no 
significant causal paths from soil properties, but significant covariance between 
belowground biomass and root C inputs. Sand content and bulk density influenced root 
C inputs likely due to effects on root penetration (Dexter 2004), although these effects 
differed between cropping system (Table 4).   
Conclusions 
Bioenergy production on agricultural lands holds significant promise for storage of C 
within soils, particularly with the development of perennial feedstocks such as 
switchgrass. Growing bioenergy crops on marginal lands within agricultural landscapes 
can contribute to substantial biomass production without conflicts with food and feed 
production or leading to further soil degradation, while concurrently mitigating 
greenhouse gas emissions.  Pathways for belowground C cycling are strongly dependent 
on land use, but the impacts of variation in soil properties across heterogeneous 
agroecosystems have largely been unstudied. This study demonstrates that variation in 
soil properties has important effects on soil C cycling, extending our current 
understanding of the causal mechanisms of soil aggregation leading to the physical 
protection of SOC over landscape scales.  Results suggest that over short time scales, 
soil properties exert the primary influence on changes in aggregation across 
heterogeneous conditions leading to the physical protection of C.  Additionally, 
differences in root biomass and root C inputs due to bioenergy cropping systems 
contributed significantly to both protected and unprotected C pools. Overall, these 
results demonstrate that both bioenergy cropping system and soil conditions are 
important for short-term C storage mechanisms, which may improve process-based 
models of soil C dynamics and allow for more accurate scaling of soil C data under 
future land-use scenarios. 
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Tables 
Table 1. Summary of variables included in the hypothesized SEM. 
Variable Code Average (SD) Min Max Units CV 
Depth of A horizon Adep 45.5 (27.3) 9.5 105.0 cm 0.60 
Soil potassium K 241.5 (79.9) 22.8 361.9 ppm 0.33 
Soil phosphorus P 42.8 (20.6) 3.0 79.3 ppm 0.48 
Bulk density BD 1.51 (0.15) 1.17 1.83 g cm-3 0.10 
GMD GMD 0.294 (0.12) 0.201 0.778 unitless 0.41 
Labile C labC 1.21 (0.31) 0.60 1.91 g C kg-1
 
soil 0.26 
Saturated Hydraulic condictivity Ksat 33.2 (18.9) 9.0 83.3 cm day-1 0.57 
Percent sand Sand 46.1 (13.1) 14.5 70.1 %  0.28 
Soil pH  pH 6.57 (0.30) 4.93 6.91 unitless 0.05 
Total soil N totN 0.154 (0.047) 0.075 0.280 gN kg-1 soil 0.30 
SOC SOC 1.98 (0.68) 0.96 4.10 g C kg-1 soil 0.34 
Aggregate change (GMD) agg 0.043 (0.089) -0.197 0.398 Unitless 2.08 
Root length density RLD 6.15 (2.74) 1.43 12.74 cm cm-3 0.44 
Root standing crop biomass stcrop 289.5 (181.3) 27.2 662.8 g m-2 0.63 
Annual root C input rootC 63.5 (32.9) 9.0 137.4 g C m-2 0.52 
frPOM-C change fpomC 0.106 (0.086) -0.072 0.366 g C kg-1 soil 0.81 
iPOM-C change ipomC 0.170 (0.112) -0.124 0.432 g C kg-1 soil 0.66 
aMinimum observed value. 
bMaximum observed value. 
cCoefficient of variation. 
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Table 2. P-values for influence of soil property variables on aggregate change (agg) sub-model.  
Model sand GMD labC totN P K pH BD Ksat SOC Adepth 
1 0.001 0.023 0.026 0.024 0.079 0.201 0.378 0.355 0.465 0.742 0.807 
2 0.001 0.022 0.026 0.025 0.074 0.210 0.397 0.341 0.441 0.781 
3 <0.001 0.001 0.027 0.011 0.077 0.221 0.362 0.341 0.455 
4 <0.001 0.001 0.012 0.013 0.109 0.220 0.426 0.441 
5 <0.001 0.001 0.012 0.018 0.149 0.269 0.362 
6 <0.001 0.001 0.015 0.024 0.180 0.305 
7 <0.001 0.001 0.027 0.045 0.360 
8 <0.001 0.002 0.011 0.038               
See Table 1 for variable definitions. 
 
119
 
 
120 
 
 
 
Table 3. P-values for influence of soil property variables on root C input (rootC) sub-model.  
Model sand BD Ksat P labC SOC K totN Adepth GMD pH 
1 0.199 0.002 0.224 0.093 0.456 0.476 0.270 0.426 0.685 0.735 0.980 
2 0.198 0.002 0.222 0.093 0.455 0.471 0.270 0.420 0.682 0.735 
3 0.213 0.002 0.224 0.097 0.493 0.209 0.238 0.464 0.670 
4 0.201 0.002 0.193 0.088 0.454 0.238 0.261 0.500 
5 0.063 0.002 0.194 0.096 0.329 0.191 0.343 
6 0.042 0.003 0.205 0.175 0.247 0.294 
7 0.001 0.004 0.277 0.286 0.326 
8 0.001 0.005 0.404 0.419 
9 0.001 0.007 0.549 
10 0.001 0.009                   
See Table 1 for variable definitions.  
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Table 4. Parameter estimates and P-values for influence of sand content and bulk density 
on root C inputs from multi-group SEM.  
  sand   BD 
Cropping system Estimate P-value   Estimate P-value 
Switchgrass 0.123 0.05 -0.02 0.75 
Triticale/ sorghum 0.061 0.34 -0.025 0.65 
Continuous corn 0.122 0.05   -0.135 0.02 
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Table 5. P-values for influence of soil property variables on standing crop root biomass (stcrop) sub-model.  
Model GMD totN SOC K Adepth BD P Ksat pH labC sand 
1 0.151 0.165 0.309 0.651 0.512 0.489 0.594 0.616 0.640 0.895 0.964 
2 0.143 0.133 0.250 0.642 0.513 0.490 0.579 0.612 0.637 0.891 
3 0.142 0.122 0.252 0.597 0.496 0.481 0.559 0.567 0.642 
4 0.125 0.099 0.217 0.598 0.429 0.422 0.572 0.605 
5 0.132 0.101 0.230 0.579 0.468 0.501 0.670 
6 0.119 0.101 0.250 0.301 0.485 0.578 
7 0.136 0.105 0.313 0.260 0.478 
8 0.138 0.119 0.187 0.319 
9 0.101 0.148 0.193 
10 0.329 0.516 
11 0.229                     
See Table 1 for variable definitions.  
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Table 6. Pearson’s correlation coefficient and P-values of model variables (upper right) and variance (diagonal) and covariance  
(lower left) of model variables. Significant correlations (P<0.05) are shown in bold; P-values are shown in italics.  
  BD GMD labC sand totN agg stcrop rootC fpomC ipomC 
BD 0.023 -0.61 -0.68 0.76 -0.64 -0.2 0.13 -0.02 -0.01 -0.17 
    <0.001 <0.001 <0.001 <0.001 0.193 0.389 0.886 0.950 0.277 
GMD -0.011 0.015 0.75 -0.51 0.35 -0.11 -0.15 -0.07 -0.04 -0.12 
      <0.001 <0.001 0.019 0.476 0.318 0.627 0.796 0.420 
labC -0.007 0.006 0.005 -0.65 0.52 0.05 -0.18 -0.06 0.01 -0.05 
        <0.001 <0.001 0.764 0.227 0.712 0.959 0.752 
sand 1.49 -0.81 -0.61 171 -0.8 -0.34 0.11 0.27 0.26 -0.26 
          <0.001 0.024 0.468 0.070 0.089 0.082 
totN -0.004 0.002 0.002 -0.49 0.002 0.19 -0.14 -0.26 -0.1 0.22 
            0.221 0.356 0.088 0.522 0.146 
agg -0.003 -0.001 0.0003 -0.39 0.0008 0.008 0.11 -0.15 -0.17 0.45 
              0.483 0.335 0.265 0.002 
stcrop 3.59 -3.33 -2.37 263 -1.19 1.73 32883.96 0.58 0.51 0.36 
                <0.001 <0.001 0.016 
rootC -0.11 -0.29 -0.13 117 -0.40 -0.43 3443 1080.996 0.66 0.16 
                  <0.001 0.279 
fpomC -0.0001 -0.0004 4.79E-05 0.29 -0.0004 -0.001 7.99 1.85 0.007 0.32 
                    0.031 
ipomC -0.003 -0.002 -0.0004 -0.383 0.001 0.004 7.26 0.607 0.003 0.013 
                      
See Table 1 for variable definitions. 
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Table 7. Model comparison and goodness of fit measures for the full and reduced models.  
Model DFa AICb χ2    (P-value) RMSEAc (90% CI) CFId SRMRe 
Full 24 -1069 23.7 (0.480) 0.00 (0.00, 0.12) 1.000 0.070 
Reduced 17 -1050 18.0 (0.388) 0.04 (0.00, 0.14) 0.985 0.060 
a Degrees of freedom. 
b Akaike Information Criterion. 
c Root Mean Square Error of Approximation. 
d Comparative Fit Index. 
e Standardized Root Mean Square Residual.
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Table 8. Unstandardized (standard error, critical values, and P-values) and standardized 
parameter estimates for pathways in the full SEM. Single-headed arrows represent causal 
pathways; double-headed arrows represent covariance between variables.  
Unstandardized Critical  Standardized 
Pathway Estimate SE ratio P-value Estimate 
GMD → agg -0.121 0.040 -3.06 0.002 -0.424 
labC → agg 0.036 0.014 2.56 0.011 0.312 
sand → agg -0.221 0.060 -3.69 <0.001 -0.807 
totN → agg -0.321 0.155 -2.07 0.039 -0.418 
sand → rootC 0.167 0.039 4.25 <0.001 0.663 
BD → rootC -0.132 0.034 -3.85 <0.001 -0.602 
agg → ipomC 1.434 0.364 3.94 <0.001 0.465 
stcrop → ipomC 0.153 0.074 2.08 0.038 0.25 
rootC → fpomC 0.630 0.107 5.88 <0.001 0.641 
stcrop ↔ rootC 0.003 0.001 3.65 <0.001 0.648 
fpomC ↔ ipomC 0.001 0.000 2.30 0.021 0.365 
gmd ↔ labc -0.004 0.006 -0.73 0.468 -0.109 
gmd ↔ sand -0.008 0.003 -2.90 0.004 -0.478 
gmd ↔ totn 0.002 0.001 1.83 0.067 0.283 
gmd ↔ bd -0.011 0.003 -3.33 0.001 -0.572 
labc ↔ sand -0.005 0.006 -0.83 0.408 -0.124 
labc ↔ totn 0.003 0.002 1.27 0.203 0.193 
labc ↔ bd -0.004 0.007 -0.53 0.595 -0.079 
sand ↔ totn -0.005 0.001 -4.20 <0.001 -0.801 
sand ↔ bd 0.015 0.004 4.05 <0.001 0.759 
totn ↔ bd -0.004 0.001 -3.61 <0.001 -0.637 
 See Table 1 for variable definitions. 
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Table 9. Total effects based on the sum direct and indirect effects of soil properties and 
standing crop root biomass on aggregate change, root C, and soil C pools from the full 
model. Coefficients are standardized parameter estimates. 
  gmd labC sand totN BD stcrp 
agg -0.424 0.312 -0.807 -0.418 … … 
rootC … … 0.167 … -0.602 … 
ipomC -0.197 0.145 -0.375 -0.194 … 0.250 
fpomC … … 0.107 … -0.386 … 
See Table 1 for variable definitions. 
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Table 10. Mean (SE) of the estimated C protective capacity of soil, SOC content, and C 
saturation deficit across five landscape positions. Letters indicate significance (P<0.05).  
Landscape Protective capacity
a
 SOC content C saturation 
position g C kg-1 soil g C kg-1 soil deficit
b
 
Summit 25.1 (0.8) a 16.3 (1.2) a 0.361 (0.028) a 
Shoulder 25.5 (0.4) a 16.5 (0.6) a 0.354 (0.020) a 
Backslope 25.6 (0.4) a 17.1 (0.9) a 0.334 (0.030) a 
Toe slope 25.4 (0.4) a 19.0 (0.9) a 0.255 (0.026) a 
Floodplain 29.7 (0.5) b 31.3 (1.1) b -0.053 (0.024) b 
a based on Six and others (2002). 
b based on Stewart and others (2007). 
  
  
Figures 
Figure 1. Structural equation meta
theoretical constructs. 
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-model showing hypothesized relationships between 
 
  
 
 
Figure 2. Initial structural equation model showing the causal paths between soil 
variables (left side), root characteristics (
aggregation (agg), and changes in unprotected (
pools (right side). 
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rootC, RLD, stcrop), changes in soil 
fpomC) and protected (
 
ipomC) POM 
  
Figure 3. Annual root C inputs (A), standing crop root biomass (B), and root length 
densities (C) of bioenergy cropping systems. Le
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tters indicate significance (P<0.05). 
  
 
Figure 4. Regression analysis of root length density and standing crop root biomass for 
three bioenergy cropping systems. Upper regression line for annual cropping systems is 
significantly different (ANCOVA, 
131 
 
P<0.0001) from switchgrass regression.   
  
 
Figure 5. Full (A) and reduced (B) structural equation model showing hypothesized 
causal relationship between soil variables. Solid lines indicate positive parameter 
estimates, dashed lines in
standardized parameter estimates (single
arrows). All parameter estimates were significant (
B 
A 
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dicate negative parameter estimates. Numbers indicate 
-headed arrows) and covariance (double
P<0.05); ns= not significant (
-headed 
P>0.05).
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CHAPTER 6: 
 
GENERAL CONCLUSIONS 
 
A reconciliation of the need for sustainable environmental goods and 
services within a global ecosystem that is heterogeneous in both space 
and time is one of the greatest intellectual challenges in ecology today. 
               —Gaius Shaver (2005) 
 
In the landmark book Factors of Soil Formation, Hans Jenny (1941) identified the 
important role of topography among the factors that affect soil forming processes. The 
state factor model Jenny developed has since expanded to include the activities of 
humans (Amundson and Jenny 1991) and been applied as a conceptual model for 
understanding ecosystem processes (Amundson and Jenny 1997). While the importance 
of topography across landscapes on drivers of ecosystems processes and the pools and 
fluxes of interest is widely recognized (Swanson et al. 1990), progress in understanding 
the consequences of spatial heterogeneity on ecosystem functioning has been slow 
(Turner 2005). The question of how landscape patterns—in land-use and topography—
impact belowground C cycling and storage processes in an agricultural landscape lies at 
the heart of the research questions that comprise this dissertation.  
The fate of soil carbon (C) stocks with continued development of bioenergy 
feedstock production is tied to soil C inputs and the processes that protect SOM losses 
from the system. Our results provide empirical evidence that the processes of C inputs 
and protection through soil aggregation are affected by both land use and variation in 
topography and associated soil properties across heterogeneous landscapes. While it is 
not surprising that cropping system affected soil C input rates from root production 
(Chapter 3), and that responses of root productivity to topography and soil properties 
differ between switchgrass and the annual cropping systems (continuous corn, triticale/ 
sorghum) suggest that the interplay between crops and topographic heterogeneity may be 
complex. Over three years, conversion to no-till practices led to an increase in 
aggregation and C storage (Chapter 4). Moreover, aggregation and physical protection of 
C were largely impacted by bioenergy cropping system, although landscape position 
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appeared to interact with cropping system to alter changes in aggregation (Chapter 4), 
while having inconsistent effects on individual soil C pools. Analyses of causal 
relationships between factors influencing aggregation and physically protected and 
unprotected soil C pools indicated that variation in soil properties at our site were of 
primary importance, along with the belowground biomass of roots, for influencing short-
term changes in soil aggregation (Chapter 5). While variation in soil properties did 
impact root C input rates, cropping system had the largest impacts on root C inputs, 
which strongly affected fluctuations in unprotected soil C. Expectations of changes in 
soil  
Although this complexity between cropping system and variation in topography 
and soil properties is likely to be crucial for improving mechanistic models and scaling 
estimates of C input rates under bioenergy crops to broader scales, additional work is 
necessary to test the extent to which these findings are generally representative of other 
bioenergy cropping systems and soils in other agricultural landscapes. The cropping 
systems included in these studies are just a few of the myriad options for cellulosic 
bioenergy feedstocks. Potential systems include other perennial grass monocultures such 
as miscanthus (Miscanthus giganteus) and giant reed (Arundo donax), herbaceous 
polycultures such as fertilized or unfertilized prairie systems, and short rotation woody 
crops such as hybrid poplar and aspen (genus Populus) and willow (genus Salix). These 
systems embody a diversity of root system characteristics that impact soil water 
dynamics (Monti and Zatta 2009), associations with soil microbes (Wardle 2002) and 
water and nutrient-use efficiency (Karp and Shield 2008).  These different systems have 
potentially important consequences for root production (Chapter 3) and belowground C 
cycling mechanisms leading to changes in soil C pools (Chapters 4, 5). To partly address 
this wider array of bioenergy feedstocks, soils on the hybrid aspen plots established at 
the Uthe Research Farm should be included in any future analyses of C stocks at the 
Landscape Biomass Project using archived soil samples taken at the start of the 
experiment. New cropping systems established as part of the Landscape Biomass Project 
should receive similar attention. 
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Soils on the Landscape Biomass Project site exhibited variation in a number of 
properties that are important indicators of soil physical, chemical, and biological 
characteristics. As such, our site could be considered to represent a substantial amount of 
the expected variation in C cycling processes in response to soil heterogeneity on the 
Des Moines lobe landform. Further work must be done to determine the extent to which 
extrapolation of these results to regions differing in climatic regime and soil type is 
possible. For example, soils with differing mineralogy may alter aggregation and SOM 
processes (Rasmussen et al. 2005) resulting from differences in association between 
mineral surfaces and C compounds between 1:1 and 2:1 clay types (Six et al. 2002). 
Additionally, geographic effects may alter microbial communities under the same 
bioenergy crop (Watrud et al. 2013), impacting relationships between soil properties and 
aggregation and/ or SOM decomposition (Chapter 5). Replicating similar experimental 
designs across topographic or soil property gradients in different climactic regions and 
soil types would allow for comparison of changes to C pools and belowground C cycling 
mechanisms necessary for extrapolating across broad scales and understanding drivers of 
biogeochemical processes at those scales. 
The short-term temporal aspects of C cycling dynamics are little studied, 
typically because soil properties change on decadal time scales (McLauchlan et al. 
2006). However, desired change in dynamic soil properties, such as aggregation, over 
short durations can be important indicators of sustainable practices over the long term. 
Continual observations are important to verify the trajectories of change, particularly 
considering fluctuations in seasonal weather patterns over short time spans. The three 
years of this study included one growing season (2011) with near-normal temperature 
and precipitation, while one year (2010) had record-setting levels of precipitation during 
the growing season, and another (2012) was abnormally hot and dry, with severe to 
extreme drought conditions during the latter half of the growing season. Continued 
observation of soil C stocks are therefore necessary to determine if short-term impacts 
are indicative of the longer-term results expected from changes in cropping system and 
tillage practice.  
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Although whole soil C stocks did not change in the three years of our study 
(Chapter 4), stored C pools did increase as a result of both conversion in tillage practice 
and cropping system.  However, the benefits of reduced tillage practices on accrual of 
soil C have recently been questioned. Baker et al. (2007) provides evidence that changes 
in soil C under conservation tillage practices may result from a redistribution of C from 
deeper soil layers to the soil surface, implying no net gains in C. These results further 
highlight the need for long-term studies, as well and the importance of sampling soils at 
depth. In our studies, we sampled soils in either the top 20 to 30 cm where short-term 
changes were more likely to be detected. Although soils cores were collected to 1 m 
depth within plots, these were not assessed for C contents in deeper soil horizons 
necessary for assessing possible redistribution of C. Using a similar approach as we have 
taken here—comparing soils with differing properties across a topographic gradient—
may prove useful for understanding the long-term impacts to vertical distribution of soil 
C stocks in response to altered management and changes in cropping systems.    
Although discussed above, it bears repeating: the activity of soil microbes is 
paramount in understanding C cycling processes. Although microbial communities were 
not assessed as part of the studies described in this dissertation, microbial biomass and 
enzyme activities have been analyzed in the same cropping systems at this site 
(Hargreaves and Hofmockel 2013). Future refinements of the structural equation 
modeling analyses (Chapter 5) should focus on inclusion of these data within causal 
networks of soil C pool change. Additionally, investigations of other components of the 
microbial community and soil food web, particularly fungal hyphae, warrant inclusion in 
future studies due to the differences in root dynamics between the annual and perennial 
cropping systems at the site and for the potential contributions to understanding future C 
storage at landscape scales. 
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